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more easily, and more economically than ever for 
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reproduction process that positively captures all the quality of your field 
documents. 

Through centralized processing The Industrial Photographers Company 
is able to offer this fast, efficient reproduction service at an exceptionally 
low cost. All seismic work is under the direction of an experienced geophysi- 
cist; and is, of course, held in the strictest confidence. 

For immediate service or for descriptive details of Industrial Photog- 
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NEW PRODUCTS 


AND SERVICES 


TRANSCORDER 
Seismic data can be transcribed from 
paper records onto magnetic tape with the 
new Transcorder now being produced by 


Electrodynamic Instrument Corp., Hous- 
ton, Texas, manufacturer of geophysical 
instruments. 

The Transcorder will also transcribe 
recorded data from one size of magnetic 
tape to another and, with an accessory 
Transcorder Log Reader, will transcribe 
well logging data to magnetic tape for use 
in seismic data reduction equipment. A 
reproduction of the seismic trace being 


transcribed can be produced simultaneous- 
ly for checking purposes. 

The Transcorder permits geophysicists 
to apply modern data-analysis techniques 
to paper-recorded seismic data without the 
expense of reshooting a previously ex 
plored area. In some cases, this may permit 
analyses of areas that are no longer open 
to geophysical exploration. 

Magnetic tapes produced by the ‘Trans 
corder can be processed by seismic data 
reduction systems that permit mixing, 


selective filtering, correcting for moveout, 
weathering and elevation, and_ plotting 
cross sections by the conventional trace, 
variable-area, or variable-density methods. 

The paper record being transcribed 
onto tape is mounted on a large revolving 
drum. The magnetic tape is mounted on 
another drum that is servo-driven at an 
infinitely variable rate, which is continu- 
ously adjusted to match the magnetic re- 
cording with each timing mark on the 
original record. The magnetic recordings 
produced are accurate within +1! ms of 
the original record at all times. 

The transcorder operator guides the 
tracking head as the record-carrying drum 
revolves. The traces are individually 
transcribed to magnetic tape. 

The Transcorder Log Reader, an acces- 
sory, permits transcribing well logging 
data onto magnetic tape in the same man- 
ner as conventional seismograms. The re- 
sulting tapes can be then converted to 
cross sections by seismic data reduction 
systems. 

Further information is available from 
Electrodynamic Instrument Corp., 1841 
Old Spanish Trail, Houston 25, Texas. 


ELECTRIC LOGGING UNIT 
A new, completely self-contained electric 
well-logging unit has been developed by 
Electro-Technical Labs, division of 
Mandrel Industries, according to W. H. 


Flynn, general manager. The company is 
located at 5134 Glenmont, in Houston, 
‘Texas. 

The results of a concentrated nine- 
month research program, the new unit re- 
quires no additional equipment and can 
be used with standard type probes. It is 
lowered into the hole on a simple wire 
line where it can record two separate 
traces. It can be handled and operated by 
any driller. 

Measuring just 234 inches in diameter 
and 98 inches in length, the electric log- 

(Continued on page 64) 
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Do all bits look alike 
to you? 


Here’s Why 

BL, D. ” 
Bits Are Better 

For Your Budget... 


“Blue Demon” Bits . . . the 
original replaceable blade bits 
developed to cut cost-per-foot 

in shot hole drilling . . . continue to 
pace bit progress as drilling condi- 
tions change. 

The addition of cuttings deflectors 
to the face of Hawthorne’s patented 
replaceable blades . . . to substanti- 
ally reduce plugging between forma- 
tion layers . .. gives the driller 
considerable versatility with drilling 
weights . . . which in turn results in 
faster hole .. . 

Plus the 4-Blade feature devel- 
oped for faster penetration in harder 


formations . . . with more cutting 
surface on bottom to keep the bit 
from walking... providing a 
straighter hole to load, and less strain 
on your drill... 

Plus the highest quality of ma- 
terials and craftsmanship in every 
Hawthorne “Blue Demon” product 

Plus ample stocks of popular shot 
hole sizes maintained in every active 
exploration area... 

. . . are reasons why more shot 
hole drillers use “Blue Demons” than 
all other drag-type bits combined. 
Try a set on your next hard-rock 
location. 


WRITE FOR ILLUSTRATED CATALOG 


Cable Address: HAWBIT e 


U.S. Patent Nos 

2,615,684 

2,666,622 

2,695,158 

2,783,973 

INC. 2.831.657 

2,859,942 

2,890,020 

Houston B, Texas 2,894,726 
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‘WEIGHT 
COUNTS 


Geograph means ADDED service, ADDED advantages from the Robert 
H. Ray Companies. It is the newest, proven method for gathering sub- 
surface data. 

The Geograph weight replaces dynamite as an energy source. This 
technique has proven superior in reflection efficiency in all types of terrain 
—from frozen muskeg to desert sands. 

Geograph, known as the “Thumper”, improves data quality, especially 
in the poor record areas. In other regions, results have been comparable 
to, or better, than those obtained with other seismic methods. 

Just as research and development, modern instrumentation and elec- 
tronic processes have made weight dropping a proven, practical service, 
they have also provided an economical method of seismic coverage. Costs 
per mile have been substantially reduced. 

A proven method, improved record quality, economy and versatility 
are just a few of the advantages ADDED to your geophysical program 
when you specify Geograph. 

Whether your prospect requires Gravity, Magnetic or Seismic, the 
Robert H. Ray Companies provide these services world wide. 


For Geograph in Europe and the French Zone contact GEOGRAFRANCE, 48 Blvd. de Latour-Maubourg, Paris 7e 
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inside 
that 
counts 


For seismic prospecting, there’s no electric 
blasting cap that beats STATICMASTER®. 


e IMPROVED STATIC RESISTANCE is 
demonstrated by exhaustive tests under 
actual field conditions and by six years serv- 
ice with leading exploration crews. Over 
3,000,000 Staticmaster Caps have been 
sold, with no report of accidental deto- 
nation attributed to stutic! 


e DEPENDABILITY tops the field 
due to exclusive built-in, pretested 
Atlas electric match. UNIFORMITY 
in pattern shooting is enhanced 
because electric miatch allows bridge 
wire to be double checked for resist- 
ance before and after final cap 
assembly. 


e SAFETY is increased by use of 
low sensitivity Atlas HN M ‘hex- 
anitromannite) in primercharge. 


e WATER 
RESISTANCE all 
the way from cap to 
top of hole is assured by 
tough enamel coating on 
wires, beneath the vinyl 
insulation...and by genuine 
rubber plug in cap, hex- 
crimped to provide 100°; 
watertight seal. 
Tell your supplier you want 
STATICMASTER Electric Blast- 
ing Caps and Atlas explosives 
and blasting agents on every 
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SHOOTING IN NORTH AMERICA... 


The difference between this sort 
of shooting and seismic shooting is that 
here the shooter wears a mask 

and in the other the target is masked. 
The GAI-GMxX group is today busily 
unmasking targets around the 

world. Field crews are operating in 
Canada, the Near East, South America, 
and the USA, using every modern 
device for seismic, gravity, and 
magnetic surveys. The interpretation 
of these field data is then done with 

an attention to detail you will not 

find elsewhere, to give you the clearest 
picture of underlying geologic 
structures. Geophysical exploration 
today is so expensive you can 
afford only the best. 


Dr. L. L. Nettleton 
E. Joe Shimek 


Dr. Nelson C. Steenland 
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GEOPHYSICS 


AN ANALYSIS OF THE OBSERVED TIME DISCREPANCIES BETWEEN 
CONTINUOUS AND CONVENTIONAL WELL VELOCITY SURVEYS* 


P. EB. F. GRETENERT 


Abstract: Discrepancies between conventionally obtained times and the integrated continuous velocity curves are 
analyzed (Shell tool only). It is found that these discrepancies may be ascribed to a random scatter and a systematic 
deviation, the integrated continuous curves being short. Possible causes of these discrepancies are discussed but 


no final explanation can be offered. 


INTRODUCTION 

Recently wells have been surveyed for velocity 
by two different methods. In the conventional 
method, designated by the letters CON in this 
paper, a shot is fired at the surface and the time 
measured to a detector lowered into the hole. In 
the continuous velocity logging method, desig- 
nated by the letters CV in this paper, a tool with 
a sound source and two receivers spaced a few 
feet apart is lowered into the well and the meas- 
ured times integrated. In general the two time de- 
terminations will not agree and discrepancies up 
to several tens of milliseconds for deep wells are 
observed. 

The usual procedure at the present time is to 
survey a well by both methods. When the survey 
is interpreted the CV data are adjusted to the 
conventional check-shots. The argument for this 
procedure generally is, that the CON survey 
simulates more closely the conditions encoun- 
tered in seismic shooting. 

In this paper a statistical analysis of these dis- 
crepancies for 50 wells scattered throughout the 
Alberta plains (Figure 1) has been performed. 
Each of these wells has been measured with the 
Shell CV tool as well as by the conventional 
method. A concentration of wells is apparent in 
the Harmattan (23 wells) and Simonette (5 wells) 
areas where special studies were conducted. All 
* Manuscript received by the Editor June 21, 1960. 
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wells are in tectonically undisturbed territory so 
that the raypath of the conventional surveys 
should be well defined. 

It is the purpose of this study to analyze these 
discrepancies in detail in order to gain an idea of 
their cause. Apart from the academic interest, an 
understanding of these deviations might give 
more information about the accuracy of well 
velocity surveys, thus making it possible to 
abandon the conventional survey. 

Some experiments have been performed to in- 
vestigate the influence and the development of the 
low velocity zone (invaded zone) surrounding the 
borehole. 

A word of caution should be said about possible 
conclusions. In the course of this paper it will be 
obvious, that some of the data are too scanty to be 
conclusive and that they give mere indications in 
one way or another. The reader should also be 
cautioned that all results pertain to data of 
Western Canada measured with the Shell tool. 
The writer has no information as to how far these 
results might possibly be extrapolated. 


Instrumentation and Field Procedure 

In Figure 2 a conventional survey is schemati- 
cally outlined. A geophone is lowered to various 
positions in the hole and, at each level, a shot is 
fired at the surface, usually about 600 ft from the 
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Fic. 1. Locations of wells used in present comparison 


wellhead. The measured times are reduced to 
vertical times by multiplying with cos a. Each 
position at which a shot is taken is called a check- 
shot level, while the intervals between them are 
designated check-shot intervals. Attention is also 
called to the fact that for the very shallow check- 
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Fic. 2. Schematic sketch of conventional 
well velocity survey. 
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shot levels the raypath is inclined, @ becoming 
45 degrees or more. 

Figure 3 shows the geometry of the Shell CV 
instrument used in the present study. The trans- 
mitter is located at the bottom of the tool, while 
the first receiver is 4 ft, the second receiver 9 ft 
away. The distance to the first receiver, called the 
spacing, determines the penetration of the instru- 
ment. The distance between the two receivers, 
called the span, determines the resolution. The 
log is taken moving upward at speeds of 4,000 to 
6,000 ft per hour. The transmitter emits a signal 
of about 12,000 cps and the first arrivals at re- 
ceivers one and two are recorded directly on film 
(Figure 4); A time marker is put on about every 
1,000 ft. The time difference between the arrivals 
at receivers one and two is read with the help of a 
template to an accuracy better than ten micro- 
seconds (mms), and the log is subsequently inte- 
grated manually. 


Statistical Analysis of the Discrepancies 


The facts about the observed discrepancies are 
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Fic. 3. Schematic sketch of 4X5 CV tool used 
for present comparison, 
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Fic. 4. Basic data as recorded by the Shell CV tool. 


presented in Figures 5 to 9. The 50 wells contain 
a total of 369 check-shot intervals. For each such 
interval the difference between ATcon and ATcy 
was determined, converted to milliseconds per 
1,000 ft, and plotted in form of a histogram (Fig- 
ure 5). An examination of this figure reveals the 
following facts: 


a) There is a normal random discrepancy be- 
tween the ATcon and the ATcy indicated by 
the bell shaped outline of the histogram.! 
The standard deviation from the average is 
1.8 ms/1,000 ft. 

b) There is a systematic deviation between the 
ATcon and the ATcy of 1.7 ms/1,000 ft. 
This is shown by the fact that the average 
value (axis of symmetry of the histogram) 
is shifted to the right of the ordinate by 
that amount. The CV times are systemati- 
cally shorter. 


Figures 6 and 7 give a further analysis of the 


1The normal distribution curve for this histogram 
has been computed using the formula (Dixon and 
Massey, 1957, p. 49): 
Ni 
y=- 


e 


where: 
N: number of cases (369) 
class interval (lms) 
o: standard deviation 
uw: average (1.7 ms/1,000 ft.) 
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same data. In Figure 6 the discrepancies for all 
check-shot intervals at depths less than 4,000 ft 
are given, while Figure 7 contains all the discrep- 
ancies for check- ‘ot intervals below that depth. 
For the shallow intervals the systematic devia- 
tion amounts to 2.0 ms/1,000 ft while for the deep 
intervals it is 1.5 ms/1,000 ft. The standard de- 
viations are 1.7 and 1.9 ms/1,000 ft. The signifi- 
cant difference thus lies in the systematic devia- 
tion which is about 0.5 ms/1,000 ft larger for the 
shallow intervals than for the deep ones. 

Figure 8 represents a feeble attempt to relate 
these discrepancies to lithology. Of the total foot- 
age shown in Figure 5, over 80 percent is in the 
Cretaceous, a clastic sequence consisting of shales 
and sandstones. In Figure 8 only the Paleozoic in- 
tervals, i.e. predominantly carbonate rocks have 
been plotted. The systematic deviation expressed 
in milliseconds per 1,000 ft is less pronounced; but 


40 - 

*\.7MS/1000 FT. 
2 

20 20 
z 
} 
| 


MILLISECONDS PER 1000 FEET 


TOTAL NO. OF INTERVALS. 
ATev. 


Fic. 6. Histogram of time discrepancies between 
CON check-shot and integrated CV intervals at depths 
less than 4,000 ft converted to milliseconds per 1,000 ft. 
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as will be shown later percentagewise the differ- 
ence is insignificant. 

In Figure 9 the discrepancies between the CON 
and integrated CV times are plotted against 
depth. The tie points varying from 600 to 1,500 ft 
in depth are taken as datum plane. For depth 
ranges of 1,000 ft average values as well as stand- 
ard deviations have been computed. An average 
depth curve is drawn through the average points. 
This curve is strongly convex at shallow depth, 
but below 4,000 ft it becomes a straight line. The 
random scatter (standard deviation) as well as 
the cumulative systematic deviation increases 
with depth. 


The Systematic Deviation 


The following factors may be contributing to a 
systematic deviation between the two types of 
surveys: 

CON Survey CV Survey 
Non-ideal tool geometry. 
Wave dispersion in the 

range of 50 to 12,000 

cps. 

Instrumental delay. 
Centering of tool in hole. 


Anisotropy and curved ray- 
path at shallow depth. 
Delay of signal due to chang- 
ing electrical properties of 
setup during the survey. 
Anisotropy.—In a simple case of anisotropy the 
velocity parallel to the bedding will be higher 
than at right angles to it. If the beds are undis- 
turbed, this may be written as V,>V;,. The ratio 
V,/V.=A is called the anisotropy factor. In any 
intermediate direction the velocity will have a 
value Ve, whereby V,>Ve>V-. The influence of 
anisotropy in the shallow layers on a conventional 
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Fic. 8. Histogram of time discrepancies between 


CON check-shot and integrated CV intervals for 
Paleozoic intervals converted to milliseconds per 
1,000 ft. 


well velocity survey is illustrated in Figure 10. 
For the very shallow check-shot levels the angle 
a is large and the ray travels at a velocity V6 
which is about (V,+V.)/2, while for the deep 
levels the angle @ becomes small and the ray 
travels through the same shallow layer at a 
velocity very close to V,. As a result, an error is 
committed when correcting the shallow check- 
shot times to vertical time by a mere multiplica- 
tion with cos a. The times for the shallow check- 
shot levels will be short if no allowance is made 
for anisotropy, while the times for the deep levels 
will be correct. Figure 11 shows this error as a 
function of depth for an anisotropy factor of 1.10 
and various velocities. The error is zero at the 
surface,” increases to a maximum for @ 45 degrees 
(600 ft in the case of the figure since this is the 
assumed distance of the shotpoint from the well- 
head) and decreases to less than one millisecond 
below about 4,000 to 5,000 ft. The first check- 
shot is usually shot at an angle of about 45 de- 
grees and as a result the ATcon from the tie point 
to about 4,000 ft will be too large. 

It should be noted that a curvature in the ray- 
path (layering of the medium) will lead to the 
same type of error. Without having CV data from 
the grassroots downwards it will in most cases not 
be possible to determine whether such an error 
is due to true anisotropy, a curvature of the ray- 
path, or a combination of both. It is, therefore, 
preferable to call the observed effect apparent 


2 In practice it is found that values of 50 degrees are 
not uncommon for the angle a. For higher values of a 
the curves in Figure 11 are merely the graphical expres- 
sion of the quoted formula and of no practical signif- 
icance, since vertical velocities are simply never deter- 
mined in that manner. 
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Fic. 9. Differences of CON and integrated CV times at check-shot levels for 50 wells. 


anisotropy, which by definition shall include both 
sources of error. In Figure 9 the average depth 
curve has been corrected for depths less than 
4,000 {t assuming a velocity of 11,000 ft/s and 
an apparent anisotropy factor (A) of 1.10, Such 
a correction straightens the shallow, convex part 
of this curve very satisfactorily. One may, there- 
fore, conclude that the average apparent near 
surface anisotropy in the Alberta Plains is in the 
order of 10 percent. 

Measurements as well as published informa- 
tion (Cholet and Richard, 1954, Dunoyer de 


Segonzac and Laherrere 1959, Richards 1960) in- 
dicate that anisotropy is indeed a rather com- 
mon phenomenon. For the purpose of the pres- 
ent investigation it seems thus reasonable to 
attribute about 0.5 ms/1,000 ft of the observed 
systematic deviations in the shallow intervals to 
apparent anisotropy. 

Delay of signal due to changing electrical prop- 
erties.—For the shallow shots the well geophone 
cable will be on the drum, having a high induct- 
ance and a low capacitance, while for the deep 
check-shots the situation will be reversed. There 
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Fic. 10. Effect of anisotropy in shallow layers on 
conventional well velocity survey. 


is no reason to suspect that this might introduce 
a lag into the CON survey. However, to elim- 
inate this possibility, an experiment was set up 
whereby a pulse was recorded directly and also 
after going through the cable and the downhole 
geophone. No delay was observed. There was an 
of 
breaks some kind of a later event might be picked 


indication, however, that in the cas¢ poor 


rather than the true first arrival. 


MS. 
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Non-ideal tool geometry. —Laboratory measure- 
ments and surveys in wells (Hicks, 1959, Kokesh 
and Blizard, 1959, Wyllie, Gregory and Gardner, 
1958) indicate that in the invaded zone around a 
well the velocity is lower than in the virgin for- ie 
mation. The thickness of this low velocity zone js 


depends on various factors, such as porosity, con- 
solidation, and mineralogical composition of the 
formation penetrated. The CV measurements I 


thus acquire the character of refraction surveys : 
and unless the spacing is sufficiently large (Figure : 
3), the first arrival will not have travelled through 
the virgin formation. It is thus desirable to ex- 
tend the spacing to the maximum possible length 
which is governed by the strength of the trans- 


mitter. 

The spacing used in this study is 4 ft which in 
this area should be sufficient for diameters of the 
low velocity zone of up to 24 inches. It was sus- ce 
pected that this might not be good enough and an 
experiment proving this is given in Figure 12. 
Two wells have been logged with the standard 
spacing of 4 ft, as well as with a spacing of 9 or 
12 ft respectively. The limits of error are some- 
what larger than usual, since the runs with the 
larger spacings were made on an improvised 
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Fic. 11. Error in reduced vertical one way time (A Tv) due to omission of anisotropy. 


A 
Vh 
| 
| | 
| 
: 


(0) 2000 
SPACING — 4' 


ANALYSIS OF CBSERVED TIME DISCREPANCIES 7 


6000' 8000 


HARMATTAN EAST 


/ 
Va 
,LEA 
“PARK 


SPACING—I2' | 


| 
| 
4 


SPACING-9' 


——  |MISS. 


lic. 12. Variation of integrated CV 


basis only and operational difficulties did not per- 
mit a further continuation of these experiments. 
As a resuit the breaks are not quite up to stand- 
ard. The section penetrated is one of shales, silt- 
stones and sandstones. The fact that the 9-ft 
spacing gives even shorter times than the 12-ft 
spacing seems to indicate that full penetration is 
achieved at the shorter spacing. The observed 
discrepancy between the two wells (Figure 12) is 
most likely an expression of the statistical scat- 
ter. Actually the limits of error do touch or over- 
lap each other. The results thus indicate that 
sufficiently long spacings would give times which 
are about 1 ms/1,000 ft lower than the ones re- 
corded with the present spacing of 4 ft. The sys- 
tematic deviations between the two types of 
survey are thus partially compensated by the 
non-ideal tool geometry. Using spacings of proper 
length this deviation would amount to about 2.5 
ms/1,000 ft. 

Figure 13 shows data which provide an indica- 
tion of the development of the near borehole low 
velocity zone with time. In six wells CV measure- 
ments have been repeated over the same interval 
after two months of drilling. While the data are 
of somewhat less than average quality, indicated 
by the rather large limits of error, they show 


times as a function of spacing. 


quite conclusively that the formation of the low 
velocity zone is a slow process, taking weeks 
rather than days. The CV data for the second 
run read about 0.5 ms/1,000 ft slower than the 
ones of the first run. Comparing these data with 
those presented in Figure 12—if such a compari- 
son is permissible-——would indicate that half of 
the time loss for a 4-ft spacing occurs a consider- 
able time after the hole is drilled. 

Wave dispersion in the range of 50 to 12,000 cps. 

Little information is available regarding wave 
dispersion. Bruckshaw and Mahanta (1954) have 
investigated this phenomenon in the range of 40 
to 120 cps, for various rock types such as diorite, 
dolerite, limestone and sandstone. All rocks yield 
similar curves indicating an increase of the wave 
velocity with frequency of about 1.5 percent in 
that frequency range. The velocity-frequency 
curves are convex indicating that the rate of in- 
crease diminishes with higher frequencies. 

Birch and Bancroft (1938) have investigated 
this problem on granite in the range of 140 to 
4,500 cps. The flexural, torsional and longitudinal 
modes were measured. The latter seems to indi- 
cate an increase of the velocity of about 0.5 per- 
cent in the range of 850 to 4,300 cps which is 
fairly well within the limit of error. No such in- 


— 
MS. T | 
= 
HARMATTAN EAST 1-13 
> | | 
| 


8 . E. F. GRETENER 


crease is apparent from measurements of the 
other modes. The authors state: “For these fre- 
quencies the velocities were independent of fre- 
quency to within 1 percent or less.’’ However, 
from Bruckshaw and Mahanta’s data 1 percent 
is about all one would expect for that frequency 
range. 

At the present one may, therefore, conclude, 
that there is evidence that the wave velocity does 
increase with frequency. To what extent this may 
explain the discrepancies between CON and CV 
surveys is uncertain. The data of Bruckshaw and 
Mahanta are of little value insofar as the fre- 
quencies observed in CON surveys are close to 
the upper limit measured by these authors. The 
data of Birch and Bancroft seem to be of insuf- 
ficient accuracy in order to be conclusive for this 
purpose. It thus becomes essential to carry out 
experiments in the frequency range of 100 to 
10,000 cps in order to find out how much wave 
dispersion might contribute to the observed 
systematic deviations. 


CV instrumental delay.—The arrivals at both 
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receivers are fed through identical channels. 
Under these circumstances a time loss seems in- 
conceivable. The timing circuit has been checked 
at various times against standard time signals. 
It is, therefore, unlikely that the observed system- 
atic deviation is instrumental. 

Centering of the CV tool.—The tool is equipped 
with rubber centralizers of about 
ameter. With the high logging speeds, the flow 
of the mud around the tool will also tend to keep 
the tool centralized. A systematic deviation due 
to a constant list of the tool in the hole, therefore, 


5 inches di- 


seems improbable. 

In conclusion one may thus say that the ob- 
served deviation is real. It is quite likely that 
wave dispersion in the range of 50 to 12,000 cps 
may be a major contributing factor. However, 
further experimental confirmation is needed on 
this problem. 

The Random Discrepancy 

In Figure 9 it is plain that the random scatter 

increases with depth. This is also brought out by 
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Fic. 13. Variation of integrated CV times for two runs two months apart for six wells in the Simonette area. 
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the fact that the standard deviation for consecu- 
tive depth ranges becomes larger. In Figure 14 
the cumulative standard deviations for 1,000-ft 
depth ranges have been plotted against depth. It 
increases from 1.8 ms for the range of 500 to 1,500 
ft to 4.9 ms for the range of 7,500 to 8,500 ft. 
Figure 5 shows the standard deviation for a 
1,000-ft interval to be 1.8 ms. It is, therefore, 
possible to compute a theoretical depth curve of 
the standard deviation using the formula: 


o(n) = V1.87-n 


where 
o=Standard Deviation, 
n=depth in thousands of ft. 


Figure 14 shows the computed curve to be a 
fair fit of the observed increase of the random 
scatter with depth. The randomness of the ob- 
served values may be attributed to the following 
sources: 

1. Inaccuracy of the CON survey. 

2. Inaccuracy of the CV integration.’ 

3. Randomness of penetration, due to varying thick- 

ness of the low velocity zone. 

4. At shallow depth, variable apparent anisotropy. 

5. Randomness in the wave dispersion, due to varia- 

tions in frequency observed in the CON survey. 


3 Experiments making several independent integra- 
tions show this to be: 
@(5,090’) =1.1 ms. 


ANALYSIS OF OBSERVED TIME DISCREPANCIES 


6; 
+ OBSERVED VALUES FOR 1000 FOOT INTERVALS 
0 CALCULATED VALUES, SD =\/n 18° ,n=DEPTH IN THOUSANDS OF FEET 


4000 
DEPTH 


Fic. 14. Increase of the standard deviation (random discrepancy) with depth. 


No attempt is made here to compute the con- 
tributions of these various factors quantitatively 
since the role of some of them is insufficiently 
understood. 

When plotting the depth-scatter diagram as 
shown in Figure 9 for local areas such as Harmat- 
tan or Simonette only, it seems that for shallow 
depths the scatter is smaller while for great 
depths it is about the same as for the whole re- 
gion. The scatter between CV and CON data for 
great depths thus seems to be about the same for 
local areas of a few square miles as for regions of 
the size of Alberta. 

Empirical Corrections of the CVL Measurements 

The analysis in the foregoing paragraphs per- 
mits one to make an empirical correction of the 
CV surveys. This may be done in two ways: 

a) In depth, by adding 1.7 ms/1,000 ft; this being 

the average systematic deviation as determined 


from Figure 5. 

b) In time, by multiplying the integrated CV times 

with a factor 1.02; 2 percent being the average 
deviation in percent (see below). 

Figure 15 presents a histogram of the CON and 
CV time differences at all check-shot levels after 
an additive correction of 1.7 ms/1,000 ft has been 
applied to the CV data. The standard deviation 
is 3.6 ms and the maximum observed error 11 ms. 
It is felt that this is too large to permit an aban- 
donment of the check-shots at the present time. 
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Fic. 15. Histogram of the time discrepancies between CON and corrected CV times at check-shot levels. 


The histogram for the mode (b) correction is for 
all practical purposes identical with one shown 
in Figure 15. 

Under (b) in the above paragraph the system- 
atic deviation has been expressed in percentage 
form. It may be interesting to analyze this type 
of presentation somewhat further. For this pur- 
pose the data have been studied according to 


average interval velocities. 


Average Total System. Correc Devia 
Velocity Time Deviation tion tion 
ft/s ms/1,000 ms ms/1,000 
ft 1,000 ft ft 
10,900 21 —0.54 1.754 
14,200 70.4 1.85 
16,500 60.6 1.0 1.65 


The above table indicates that the observed 
systematic deviation is independent of velocity. 
In an earlier paragraph it was found that due to 
insufficient tool geometry the measured CV times 
are actually too long by about 1 ms/1,000 ft. Al- 
lowing for this the percentage difference increases 
to about 3 percent. 


Determination of the Desirable Check Shot-Interval 
The length of the check-shot interval obviously 
depends on the error which may be tolerated. It 


4 Correction for apparent anisotropy from Figure 9, 
since all intervals are above 4,000 ft. 


will always be possible to compute the time to any 
intermediate point from a check-shot above as 
well as one below. The resulting time will thus be 
the mean value of two determinations. According 
to statistical theory the standard deviation of 
such a point will be that for half the check-shot 
interval divided by 2 (Dixon and Massey, 
1957, p. 39). These values are given in Figure 14 
by the dashed curve, whereby the depth values 
on the abscissa represent half the check-shot in- 
terval. For 1,000 ft (half the check-shot interval) 
the dashed curve indicates a standard deviation 
of about 1 ms (max. possible error about 3 ms). 
Thus, if the check-shots are spaced 2,000 ft apart 
the intermediate points can be determined with 
an accuracy of about 1 ms. 

The above considerations only indicate how 
well a computed intermediate point would agree 
with a hypothetical check-shot at that particular 
level. No reference is made as to the absolute ac- 
curacy of this point. It also should be noted that 
in order to obtain such an agreement the CV data 
have to be corrected for the systematic deviation 
either by mode (a) or (b) as given in the previous 
paragraph. 


CONCLUSIONS 


(Valid for measurements with the Shell CV tool 
in Western Canada.) 
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. There is a systematic deviation between the 
CON and CV measurements to the effect 
that the latter give times which are con- 
sistently shorter (1.5 ms/1,000 ft or 2 per- 
cent). 

Present data indicate this deviation to be 
independent of velocity and lithology. 

A spacing of 4 ft is insufficient; larger spac- 
ings results in CV times which are about 1 
ms/1,000 ft shorter. Allowing for this the 
systematic deviation increases to about 2.5 
ms/1,000 ft or 3 percent. 

Anisotropy and curvature of the raypath 
are contributing to the systematic devia- 
tion in the shallow intervals. Measurements 
(not given here) and published figures show 
that values of A up to 10 percent are quite 
common. 

. The formation of a low velocity zone around 
a borehole is a slow process, taking weeks 
rather than days. 

Check-shots cannot be abandoned at the 
present time. They however, be 
spaced 2,000 feet apart without a serious 
loss of accuracy, provided the CV data are 


may, 


empirically corrected for the systematic de- 


viation. 
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EDITOR’S NOTE 
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of the Alberta Society of Petroleum Geologists. 
Volume 8, No. 10, October, 1960. 

It has been reprinted in Geopuysics because of 
the desirability of larger circulation amongst 
Geophysicists. 
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GEOPHYSICAL STUDY OF SUBSURFACE STRUCTURE 
IN SOUTHERN OWENS VALLEY, CALIFORNiA* 


PAKISER{ 


Abstract: Gravity and seismic measurements in southern Owens Valley, California, have outlined a deep subsurface 
trough, bounded throughout the greater part of its length by steep faults. Depths to the bedrock floor along the 
central part of the valley range from 3,000 to 9,000 ft below the surface. The subsurface trough is divided into two 
parts, a narrow channel-like depression near Lone Pine bounded by northwest-trending faults, and a broad basin at 
Owens Lake bounded by a more complex series of border faults. The bedrock ridge that crops out to form Alabama 
Hills is shown to extend from Independence to the north edge of Owens Lake, nearly twice its visible extent. The 
main direction of faults that have formed the valley is northwest; subsidiary faults trend north, northeast, and east. 
A fairly sharp velocity boundary within the Cenozoic valley deposits suggests a change in the rate and character of 
deposition which was probably the result of renewed uplift in the nearby mountains. 


INTRODUCTION 

Owens Valley in east-central California is a 
long, narrow, northwest-trending depression that 
separates the Sierra Nevada on the west from the 
Basin and Range Province on the east. The area 
described in this paper comprises approximately 
the southern half of the valley, extending south- 
ward from Independence to Haiwee Reservoir, a 
distance of about 45 miles (Figure 1). The valley 
floor, which lies at an altitude of about 4,000 ft 
above sea level, ranges in width from about 5 
miles near Lone Pine to more than 10 miles in 
Owens Lake. The surrounding mountain ranges 
rise from 3,000 to more than 10,000 ft above the 
valley floor. 

In earlier geologic investigations of the eastern 
front of the Sierra Nevada, Owens Valley has 
beea described as a downdropped fault-block or 
graben structure. This conclusion is based for 
the most part on the physiographic evidence of 
steep escarpments that form the valley walls. 
The present study was undertaken to determine 
the probable depth and attitude of the buried 
bedrock surface using geophysical methods, and 
to relate these results to the structure of the val- 
ley. The investigation is a continuation of earlier 


* Manuscript received by the Editor June 20, 1960. 
+ U. S. Geological Survey, Washington, D. C. 
t U.S. Geological Survey, Denver, Colorado, 


studies in northern Owens Valley and Long Val- 
ley (Pakiser and Kane, 1956); more recently re- 
lated work has been done in Mono Basin (Pakiser, 
Press, and Kane, 1960). Gravity measurements 
were made during March and April 1956, and 
July 1957. The seismic field work was done during 
June 1958, in cooperation with the Seismological 
Laboratory of California Institute of Technology. 

Earlier, Gutenberg and others (1932) made 
seismic experiments in the vicinity of Alabama 
Hills. More recently, Oliver (1956) made gravity 
measurements across Owens Valley near Lone 
Pine. The measurements outlined a large nega- 
tive anomaly which indicates the great thickness 
of Cenozoic deposits in the valley east of Lone 
Pine. 

Most of the geologic information is taken from 
the first comprehensive report on the area by 
Knopf (1918). Later papers by Hopper (1947) 
and Mayo (1941, 1947) have also been used. The 
geology of the region as shown in Figure 2 is gen- 
eralized from the compilation by Bateman and 
Merriam (1954). 


GRAVITY SURVEY 


The clastic rocks that underlie most of the val- 
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ley interior have been eroded from the bedrock 
of the surrounding mountains and, because of 
their high porosity, are considerably less dense 
than the parent rock. Thick sequences of such 
deposits fill depressions in the more dense bed- 
rock causing large negative gravity anomalies. 
The interpretation of the anomalies depends for 
the most part on the assumption of a suitable 
density contrast between the clastic deposits and 
the bedrock. A consideration of probable den- 
sities, combined with the results of surveys in areas 
similar to Owens Valley (Mabey, 1956; Bean, 
R. J., written communication; Pakiser, Press, 
and Kane, 1960), indicates that the density con- 
trast can be predicted with an accuracy that will 
give reliable results. 


GRAVITY MEASUREMENTS 


More than 450 gravity stations were estab- 
lished over an area of about 700 square miles, us- 
ing a Worden gravity meter with a scale factor of 
about 0.5 mgal per dial division. The measure- 
ments were corrected for change in base reading, 
latitude, elevation, and terrain effects. Terrain 
corrections were made using the Hayford-Bowie 
system as modified by Swick (1942, p. 67-68). 
The corrections extend through zone “0,’’ which 
includes all terrain within about 100 miles of the 
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station. A density of 2.67 g per cm* was used for 
the elevation and terrain corrections. The great- 
est source of inaccuracy is in the terrain correc- 
tions which range from 5 mgals in the valley in- 
terior to 25 mgals along the mountain walls. 
These corrections are estimated to be accurate 
within +10 percent. 


ROCK DENSITIES 

The rocks of the area, insofar as they affect the 
gravity field, can be divided into three groups. 
Granitoid rocks of Cretaceous(?) age form the 
main mass of the Sierra Nevada and Coso 
Mountains, and parts of the Inyo Mountains. 
The densities of these rocks range from 2.55 to 
2.75 g per cm* with an average of about 2.65 g 
per cm.*® Pre-Cretaceous sedimentary rocks com- 
prise the larger part of the Inyo Mountains and 
are mainly highly indurated shales, sandstones, 
limestones, and dolomites. The range in densities 
for these rocks is greater than for the granitoid 
rocks, but the average is about 2.75 g per cm.’ 
Densities of poorly consolidated clastic rocks 
cover a wide range and there are inherent diffi- 
culties in devising a suitable sampling technique. 
However, when such factors as sorting, water 
content, and probable compaction are considered, 
a density range of 2.0 to 2.4 g per cm’ seems plaus- 
ible. Thompson and Sandberg (1958, p. 1271, 
1273) have estimated an average density of 2.2 g 
per cm’ for intermontane basin deposits in the 
Virginia City-Mount Rose area, about 200 miles 
to the northwest. 

Locally, the Cenozoic velcanic rocks and pre- 
Cretaceous metavolcanic rocks produce changes 
in the gravity field, but most of these changes are 
too small to be pertinent to the present discussion. 

The average density contrast between the 
clastic deposits and the enclosing bedrock is esti- 
mated as 0.5 g per cm*. Density contrasts in 
other intermontane basins of the Great Basin 
have been calculated directly by comparing seis- 
mic and drill hole data with gravity measure- 
ments (R. J. Bean, written communication; 
Mabey, 1956, p. 849). The results range from 0.4 
to 0.6 g per cm’, a range which includes the esti- 
mated density contrast for southern Owens Val- 
ley. 

POROSITY AND DENSITY CONTRAST 

In arid and semi-arid regions the contrast in 

density between clastic deposits and the parent 
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rock from which they are eroded is largely a mat- 
ter of porosity because the preducts of erosion 
differ only slightly in compesition from the parent 
rock. Maximum porosity is present in clastic de- 
posits having equal grain size, and ranges from 
about 26 percent to about 48 percent depending 
on the efficiency of the packing arrangement 
(Lahee, 1941, p. 62). If the parent rock has a 
density of 2.7 g per cm} and the grain size of the 
derived sediments is nearly constant, the maxi- 
mum theoretical density contrast due to porosity 
ranges from 0.7 to 1.3 g per cm* for dry sediments 
and from 0.4 to 0.8 g per cm® for saturated sedi- 
ments. If the average packing efficiency is as- 
sumed to be midway between the most efficient 
(26 percent) and the least efficient (48 percent), 
the density contrast over saturated, equi-grained 
sediments is about 0.6 g per cm’. When the grain 
size is assumed to vary, the porosity and there- 
fore the density contrast become less. 

In intermontane valleys, the range in grain 
size is smallest in the central basin deposits, be- 
comes larger in the transition zone between these 
deposits and the alluvial fans, and finally becomes 
exceedingly large in the heterogeneous materials 
that make up the fans. From considerations of 
porosity it is estimated that the density contrast 
is about 0.6 g per cm* over the central basin de- 
posits, decreases to 0.4 or 0.3 g per cm® in the 
transition zone between these deposits and the 
alluvial fans (including the lower part of the fans), 
and then decreases further, possibly reaching 0.1 
g per cm’ over the higher and more heterogeneous 
part of the fans. 

Because of compaction, the porosity of the 
clastic deposits also decreases with depth, with 
the greatest change taking place in the fine- 
grained deposits. The result is a net decrease in 
density contrast with depth assuming that the 
bedrock density remains constant. 

On the basis of porosity, it can be concluded 
from the surface distribution of the deposits that 
the central basin deposits probably predominate 
and that the average density contrast is about 
0.5 g per cm’. 


GRAVITY ANOMALY MAP 


Figure 2 is a gravity contour map of southern 
Owens Valley. The datum is referred to the U. S. 
Coast and Geodetic Survey Pendulum Station 
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No. 1030 (Duerksen, 1949) about 2 miles south of 
Independence. One thousand milligals have been 
added to the complete Bouguer gravity values so 
that all the units are positive. 

The regional gravity, as shown by measure- 
ments in the mountain areas, decreases to the 
west at about 2 mgals per mile. The decrease is 
part of the large negative anomaly that is present 
over the Sierra Nevada (Oliver, 1956). There is 
little evident change in the regional component 
along the Sierra Nevada front except in the area 
southwest of Olancha. Knopf (1918, p. 70-71) 
describes the presence in this area of plutonic 
complexes having mafic rocks as a major constit- 
uent. The mafic rocks are probably the cause of 
the increase in the gravity field to the south. 

On the eastern side of the valley, a positive 
gravity anomaly is outlined over the sedimentary 
and volcanic rocks of the Inyo Mountains. The 
coincidence of the gravity high and the rock 
types suggests that the sedimentary and volcanic 
rocks have a higher density than the granitoid 
rocks to the north and south. A series of andesitic 
dikes are also present in this area and strike 
northwest along the trend of the anomaly. The 
coincidence of the dikes and the gravity high sug- 
gest, as an alternate possibility, the presence of a 
mafic intrusive at depth. The Cerro Gordo ore- 
bodies are also located near the center of the 
gravity high. 

Between Alabama Hills and the Inyo Moun- 
tains, the gravity field indicates the presence of a 
deep, narrow, bedrock trough bounded along its 
east and west edges by steep faults. The bedrock 
ridge that crops out to form Alabama Hills is 
shown to extend from near the southern limit 
of outcrop to the vicinity of Independence, ap- 
proximately twice its visible extent. The block is 
bounded along its east edge (the west edge of the 
adjoining basin) by a steep fault, and seems to 
have well-defined north and south ends. The na- 
ture of the west edge of this block is indeter- 
minate from gravity, but from geologic evidence it 
appears to be in fault contact with the main mass 
of the Sierra Nevada. 

In the Owens Lake area, the gravity field indi- 
cates a broad, deep basin with a northerly trend. 
The boundary faults form a more complex pat- 
tern than those to the north, and the northerly 
trend diverges from the normal northwest direc- 
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Fic. 2. Geologic and gravity anomaly map of southern Owens Valley. 


tion of Owens Valley. In the northeast part of the 
basin the steep gravity gradient indicates that the 
subsurface valley wall strikes across an alluviated 
embayment in the Inyo Mountains at a consid- 
erable distance from the alluvium-bedrock sur- 
face contact. In the part of the basin south of pro- 
file B-B’ (Figure 2) steep gravity gradients and 
presumably steep subsurface bedrock — slopes 
trend in several different directions. However, 
the sum effect of the trends is to establish the 
northerly direction of the basin. 


ANALYSIS OF THE GRAVITY PROFILES 

Gravity profiles A-A’, B-B’, and C-C’ (Figures 
4, 5, and 6) were selected normal to the main 
trends of the gravity field and near traverses 
along which the field measurements were made. 
For profile A-A’ the density contrast was assumed 
to be 0.4 g per cm! instead of 0.5 g per cm* to ac- 
count for the greater proportion of coarse clastic 
rocks that is probably present in the narrower 
part of the valley. 

Although the density contrast is not a simple 
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contrast between alluvium and bedrock where alluvium 
of two densities is present. 


one, an average value was used because the 
changes in contrast are not known with sufficient 
precision. Figure 3 shows the effect of assuming 
an average density contrast for a structure which 
actually has intermediate-density material inter- 
posed between low-density and high-density ma- 
terial, a condition analogous to high-density bed- 
rock, intermediate-density alluvial fans, and low- 
density central basin deposits. The diagram 
shows that (1) the bedrock-alluvium contact is 
displaced towards the bedrock, (2) the upper 
right-hand corner of the bedrock is displaced be- 
neath the surface, (3) the thickness of the allu- 
vium is too great, (4) the bedrock-alluvium inter- 
face is displaced towards the alluvium, and (5) 
the inclination of the bedrock-alluvium interface 
is decreased. For the case of a decrease in density 
contrast with depth, the use of an average density 
contrast results in depths that are too great, but 
only in slight changes in the position and inclina- 
tion of the bedrock-alluvium contacts. Because 
of these effects, the subsurface configurations 
shown in Figures 4, 5, and 6 have maximum 
depths, and the indicated faults have minimum 
slope and maximum valleyward displacement. 
The latter characteristic of this type of inter- 
pretation may be a partial explanation why 
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boundary faults defined by gravity are sometimes 
shown with considerable basinward displacement 
from the mountain walls. 

Profile A-A’ (Figure 4) crosses Owens Valley 
through the center of the gravity minimum east 
of Lone Pine. A regional gradient of about 2 
mgals per mile, negative to the west, was removed 
from the Bouguer gravity curve. The gravity 
profile indicates that the bedrock floor has been 
dropped down more than 9,000 ft below the sur- 
face along steeply-dipping border faults. From 
the seismic experiments by Gutenberg (1932), 
the dip of the upper part of the western border 
fault was computed to be greater than 70 degrees. 
The dip computed from gravity is nearly 80 
degrees. 

The gravity data (Figure 2) show a local high 
over the Mesozoic volcanic rocks that comprise 
the eastern part of Alabama Hills indicating that 
these rocks have a higher density than the grani- 
toid rocks to the west. If so, the assumed density 
contrast would locally be somewhat low and the 
indicated fault inclination would be too high. If 
the volcanic rocks have considerable volume, 
the indicated depth would also be too great. An 


analysis of the gravity curve west of Alabama 


Hills was not made because the possible inac- 
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curacies and the amplitude of the anomaly are 
nearly the same. 

Profile B-B’ (Figure 5) passes through the 
gravity minimum in the Owens Lake basin. A 
regional gradient of 2.4 mgals per mile was re- 
moved from the gravity curve. The computed 
gravity was not matched with the residual gravity 
curve on the west end of the profile because the 
field measurements were made in an alluviated 
embayment that is not representative of the 
average valley wall. The vertical displacement is 
more than 8,000 ft, but the bedrock slopes on both 
sides of the basin are less steep than those near 
Lone Pine. A small part of the decrease in steep- 
ness is caused by the use of a lower density con- 
trast. On the east the sloping bedrock floor sug- 
gests that the vertical displacement has been 
distributed over a wide zone, possibly by warp- 
ing, although most of the displacement probably 
took place along the steeper part of the slope. 

Profile C-C’ (Figure 6) crosses the southern end 
of Owens Lake basin in an area in which the 
gravity field indicates a more complex subsurface 
structure. There is no evident regional gradient. 
Most of the vertical displacement seems to occur 
along two faults on the west side of the valley 
with the greatest movement probably taking 
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place on the easternmost !:.u!t. lhe gravity gradi- 
ent on the east side of the profile is only defined 
by a few field measurements and is probably 
steeper. If so, the bedrock-valley fill interface 
should also be steeper. 

The interfaces that are shown as the subsurface 
borders of southern Owens Valley are most prob- 
ably related to faults since they are steeper than 
their surface counterparts. It is doubtful, how- 
ever, if the interfaces show the actual locations 
and inclinations of the faults because the pro- 
cedure used in the interpretation results in only 
limiting locations and inclinations for the density 
interfaces. In addition, any of the bedrock sur- 
faces could be caused by a series of faults of 
higher inclination that combine in such a manner 
as to form the slope that is shown. Therefore, the 
interfaces perhaps best represent the minimum 
inclination that the contributory faults may have. 
As pointed out earlier, the locations are probably 
displaced toward the center of the valley. In some 
cases the bedrock surface may be a single fault 
and the probability of this occurring increases 
as the indicated slope and throw become larger. 
The very steep interface east of Lone Pine (Figure 
4) with a displacement of many thousands of 
feet strongly suggests a single major fault. The 
average slope of the six bedrock interfaces is 
about 50 degrees. Since this is an average of mini- 
mum slopes it is concluded that most of the faults 
that have formed the subsurface borders of 
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southern Owens Valley are steeply dipping. 

The depths along B-B’ and C-C’ are greater 
than the depths at nearby locations that were 
computed from seismic measurements. This dis- 
crepancy indicates that the effective density con- 
trast in the central part of the basin is higher than 
0.5 g per cm*. The seismic depth on the east side of 
the valley opposite Lone Pine is about the same 
as the depth from gravity at a similar location 
along profile A-A’. However, the gravity data 
indicate that the deepest part of the basin is 
farther to the east. In this narrower part of the 
valley the gravity data seem to give a better 
indication of the deepest part of the subsurface 
bedrock. 

ANALYSIS OF NESTED GRAVITY PROFILES 

Figure 7 is a series of gravity profiles compiled 
at intervals of 25 minutes of latitude along east 
bearings. The gravity curves have been adjusted 
for regional gradient and related to the topo- 
graphic profile so that they reflect, in a qualita- 
tive manncr, the attitude of the subsurface bed- 
rock. The bedrock configuration has been esti- 
mated on the basis of the preceding analyses with 
allowances being made for differences in anomaly 
amplitudes, the type of clastic sediments, the 
width of the valley, and the adjustments in depths 
indicated by the seismic measurements. The sub- 
surface walls which are shown as vertical were 
located by an empirical method that approxi- 
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mates closely the midpoint of the walls for in- 
clinations greater than 30 degrees. The accuracy 
of the approximation is subject to the same dis- 
crepancies as the previous cross-sections. How- 
ever, because adjoining sections should be affected 
similarly, the analysis is useful in defining major 
trends in the subsurface bedrock even though 
the lateral position of the trend as a whole may 
be somewhat in error. The subsurface configura- 
tion that is depicted by the sections is one that 
will give rise to a gravity field similar to that 
which is present over southern Owens Valley. 
Although the location of individual faults bound- 
ing the valley is not precise, and the overall shape 
may be expanded or contracted, any analysis of 
the southern Owens Valley gravity field will re- 
tain the essential features of this bedrock config- 
uration. 

The fault trends are based on the locations as 
shown by the sections, and on the continuity of 
gravity gradients as shown by the contour map 
(Figure 2). The trends do not cross the west end 
of profile one or the east end of profile 12 because 
the gravity gradients are not continuous across 
these sections. Gravity gradients that have a 
direction transverse to the main trend of the val- 
ley are present at the north and south ends of the 
bedrock ridge that crops out to form Alabama 
Hills, and in the area about Olancha. These gredi- 
ents indicate the presence of corresponding bed- 
rock slopes which are probably the result of fault- 
ing. 

SEISMIC SURVEY 

The seismic velocity of the Cenozoic clastic de- 
posits of Owens Valley is much lower than that 
of the pre-Tertiary bedrock, so that the Cenozoic 
and pre-Tertiary interface can be rather reliably 
defined by seismic-refraction surveys. However, 
high-velocity beds such as flows and evaporites 
within the Cenozoic section may make the use of 
the seismic-refraction method impractical in some 
areas. Because the cost of seismic work is much 
higher than that of gravity surveying, and be- 
cause the geometric requirement of extending 
each seismic-refraction profile beyond the critical 
distance is not everywhere easy to satisfy in the 
narrow Owens Valley trough, the seismic survey 
was designed mainly as a means of providing 
depth control for interpretation of the gravity 
data. 

The seismic-refraction profiles described and 
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interpreted in this paper were obtained in June 
1958 in a coordinated field program of the U. S. 
Geological Survey and the Seismological Labora- 
tory, California Institute of Technology. 


SEISMIC OBSERVATIONS 

Two seismic-refraction profiles (X and Z, Fig. 
2) were shot by the U. S. Geological Survey; one 
long profile (Y) was recorded simultaneously by 
the U. S. Geological Survey and the California 
Institute of Technology Seismological Labora- 
tory; and four additional profiles (depth points 
shown on Figure 2) were shot by the Seismologi- 
cal Laboratory field party. All profiles were shot 
by conventional :seismic-refraction methods in 
which the geophone spread was in general held 
fixed and shots recorded at a number of distances 
from the spread. The method used is equivalent 
to recording a continuous, reversed geophone 
spread on the greatest shotpoint to geophone 
separation. 

The velocity layers are determined only be- 
neath the geophone spread (provided the velocity 
always increases with depth) and it is not known 
that the same layering is continuous under the 
entire profile. This assumption was made, how- 
ever, unless information was available to indi- 
cate that the velocities changed laterally along 
the profile. When the intercept times at all shot- 
points plotted along a straight line, indicating 
that the refracting interfaces were planes along 
the entire profile, conventional intercept-time 
computing methods were used (see e.g., Heiland, 
1946, p. 521-533). When significant discontinu- 
ities were revealed in the intercept times, delay 
times were determined for each shotpoint and the 
depths below the shotpoints were computed from 
the delay times (Nettleton, 1940, p. 250; Bar- 
thelmes, 1946; Dobrin, 1952, p. 237-240; Pakise: 
and Black, 1957). The delay-time method used is 
approximate in that it does not take adequately 
into account the changes in dip and velocity of the 
refracting interfaces along the profile. In view of 
the uncertainties concerning velocity layering, 
however, this approximation does not introduce 
serious errors, and refinements yielding presum- 
ably more accurate results can be misleading. 


ANALYSIS OF SEISMIC PROFILES 


Seismic profile X (Figure 8) east of Owens Lake 
(Figure 2) was shot in a place where the gravity 
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data suggest that the pre-Tertiary bedrock should 
be relatively shallow. Two spreads of 12 geo- 
phones, each spread 5,400 ft long, were placed 
end to end. Seismograms were recorded on the 
easternmost spread from shotpoints 1 and 2; seis- 
mograms were recorded on the westernmost 
spread from shotpoints 3, 4, 5, and 6, as well as at 
a shotpoint 11,000 ft west of this spread. The 
depth as determined from the delay time at this 
shotpoint was approximately 500 ft greater than 
that found at shotpoint 5, profile Y. Traveltime 
data for shotpoints 1, 2, 4, 5, and 6, are given on 
Figure 8. The arrival times for shotpoint 3 are 
omitted because no shot instant was recorded on 
the seismogram. 

A low-velocity “‘weathered” layer 10 to 20 ft 
thick and with a velocity of about 1,000 fps was 
assumed to account for the failure of the 5,700 
to 5,800 fps traveltime segment to pass through 
the origin at shotpoints 1, 2, 4, and 5. The 10,200 
to 11,200 fps layer was assumed to be thin and 
discontinuous because the arrivals along that 
layer were attenuated sharply with distance from 
the shotpoints. The arrival disappeared entirely 
at the sixth geophone from shotpoint 1 and at the 
third geophone from shotpoint 3 (not shown on 
Figure 8). It was arbitrarily assumed that the 
layer is 50 ft thick in the interpretation of pro- 
file X and that the velocity immediately below 
this layer is 5,700 fps like the one above it. There- 
fore, the depths to the 15,600 fps layer (identi- 


Fic. 8. Analysis of seismic profile X. 


fied as pre-Tertiary rock) in Figure 8 are mini- 
mum depths. If the 10,200 to 11,200 fps layer 
continues downward to the 15,600 fps layer, the 
depth to that layer would be about 1,600 ft in- 
stead of 890 ft below shotpoint 4. 

The depths to the 15,600 fps layer below shot- 
points 1, 2, and 4 were determined from the in- 
tercept-time for a dipping layer. The depths to the 
same layer below shotpoints 5 and 6 were found 
by first determining the one-way delay times at 
each of these shotpoints; from these delay times 
the depths were computed. An abrupt difference 
in the intercept time for this layer is noted be- 
tween shotpoints 4 and 5. 

Seismic profile Y (Figure 9) was shot along a 
line where the gravity data suggest that the pre- 
Tertiary bedrock is several thousand feet deep 
beneath shotpoint 1 and relatively much less be- 
neath shotpoint 5 (Figure 2). The U. S. Geologi- 
cal Survey spread (5,400 ft long) and the 7-geo- 
phone California Institute of Technology spread 
(1,200 ft long) were recorded simultaneously to 
give a full spread length of nearly 8,000 ft. The 
intercept-time formulas for two dipping layers 
were used to compute the depths and dip of the 
8,600 ips and 15,800 fps layers beneath shot- 
points 3, 4, and 7. The failure of the 6,200 fps 
segment of the traveltime curves to pass through 
the origin at shotpoints 4 and 7 is explained by 
the probable presence of a thick weathered layer 
about 50 ft thick and with a velocity of about 
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1,000 fps. One-way delay times were computed for 
shotpoints 1, 2, 5, and 6, and the depths to the 
15,800 fps layer beneath those shotpoints were 
calculated. The intercept times do not plot on a 
straight line for these shotpoints, so the 15,800 
fps layer was assumed to be not plane. The 
velocity layering beneath shotpoints 1 and 2 is 
known to be different from that beneath the geo- 
phone spread on the basis of a shorter profile shot 
there. This profile revealed a 7,000 fps layer just 
below the weathered layer and a 10,000 fps layer 
at a depth of about 2,000 ft. The velocity layer- 
ing beneath shotpoints 5 and 6 was assumed to 
be the same as that beneath the geophone spread. 

The depths to the 15,800 fps layer shown in 
Figure 9 may be in error by as much as 15 per- 
cent, but the subsurface configuration cannot 
differ much from that shown, which, incidentally, 
agrees very well with that deduced from the grav- 
ity data. As a check on the general reliability of 
this configuration, the ray path (ABCDEFG) 
which would be followed by a wave traveling 
from shotpoint 1 to the first geophone of the 
spread was constructed. The time required to 
travel this path would be 2.05 seconds; the actual 
time taken was 2.13. In view of the many un- 
certainties especially in the thickness of the 
weathered layer, it seems meaningless to pursue 
further the possible causes of this 0.08-second 
discrepancy. 

Seismic profile Z (Figure 10) was shot along an 
east-traveling road just south of Lone Pine. Vin- 
cent P. Gianella of the University of Nevada 
(written communication) had earlier noted that 
the road is abruptly offset about 16 ft in an ap- 
parently left-lateral direction, in the zone of the 
earthquake fault of 1872 (Whitney, 1872). The 
position of the road offset falls directly on the 
trace of a fault as mapped by Willard D. Johnson 
in 1907 (see Hobbs, 1910). This fault is the east- 
ernmost of two important faults along which 
movement took place in the 1872 earthquake, 
and evidence for it can still be seen on aerial pho- 
tographs (Gianella, written communication). The 
road is a modern oil-surfaced road so it could not 
have been offset by fault movement, but its 1872 
predecessor (perhaps a wagon trail, ditch, or 
fence line) may have been offset by the earth- 
quake. Whitney (1872) and Holden (1898) re- 
ported instances of left-lateral offset of ditches 
and fences in this general area, but they did not 
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give precise locations. The profile was shot to 
determine if a fault could be found in the position 
of the road offset. The seismic traveltime curves 
and the delay times indicate that the depth to the 
5,780 fps layer (assumed to coincide with the 
water table) increases from about 8 to about 12 
ft within 200 ft east of the third geophone from 
the west, which had been placed in the road off- 
set. 

Faults are known to act as ground water bar- 
riers or dams that in many places cause depres- 
sion of the ground water table on the down- 
gradient side of a fault. The surface water from 
the Sierra Nevada in this area flows eastward. De- 
pression of the ground water table is in the direc- 
tion and amount that would be expected if a fault 
actually exists at the road offset. 

Depths to the pre-Tertiary bedrock in the 
Owens Lake basin and east of Lone Pine as de- 
termined from seismic-refraction profiling by the 
California Institute of Technology are similar 
to the depths that would be inferred from the 
gravity data (Figure 2). Only the shotpoint loca- 
tions revealing the greatest depths along each of 
four profiles are shown on Figure 2. 


DISCUSSION OF SEISMIC PROFILES 


In the foregoing discussion, no effort was made 
to relate the lavers of different velocities to rock 
types other than to identify the 15,600 to 15,800 
fps layers with pre-Tertiary bedrock, and by 
implication the shallower layers of lower velocity 
with Cenozoic valley-fill deposits. A considerable 
amount of useful geologic information other than 
structure can, however, be inferred from the seis- 
mic data. 

The velocity 15,600 to 15,800 fps is charac- 
teristic of the granitoid rocks and _highly-in- 
durated sedimentary rocks of pre-Cretaceous age 
that make up most of the pre-Tertiary terrain of 
the Sierra Nevada and the Inyo Mountains. 
Therefore, the identification of the layer with this 
velocity with pre-Tertiary bedrock can be taken 
as virtually certain, although it is possible that a 
thick layer of basalt or of evaporites might have 
the same velocity. The 10,200 to 11,200 fps layer 
beneath profile X may be a thin layer of basalt 
such as that which crops out just southeast of the 
profile, or possibly a bed of evaporites. However, 
it might also represent deeply-weathered pre- 
Tertiary bedrock such as Mabey (written com- 
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munication) has noted in the Mojave Desert and 
in Saline Valley. The near-surface layer, ranging 
in velocity from 5,700 to 7,000 fps, is probably 
composed of unconsolidated or semiconsolidated 
clastic sediments of late Cenozoic age. The deeper 
layer, ranging in velocity from 8,600 to 10,000 
fps, is probably a rather well-indurated clastic 
rock of an earlier fraction of Cenozoic time. 

The velocity boundary within the Cenozoic sec 
tion, across which the velocity changes from the 
5,700-7,000 fps range to 8,600 fps or more, is 
characteristic of the Owens Valley region and of 
Mono Basin (Pakiser, Press, and Kane, 1960), 
and the boundary is everywhere a fairly sharp 
one, i.e., the velocity changes from the lower to 


the higher range in a small interval of depth. In 
general, the dip of this boundary is in the same 
direction and less than the dip of the deeper 
Cenozoic and pre-Tertiary interface, and where 
it has been displaced by faulting the displace- 
ment is invariably less than the displacement of 
the deeper bedrock. Thus, it can be concluded 
that faulting and warping have been continuous 
or repeatedly rejuvenated and essentially concur- 
rent with deposition of the Cenozoic rocks, a 
conclusion that can be reached independently on 
the basis of the nature of the fault contacts be- 
tween the Cenozoic deposits and pre-Tertiary 
rocks. 

The older Cenozoic rocks of higher velocity 
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must be more highly indurated than the younger 
deposits of lower velocity, which are probably es- 
sentially unconsolidated. The boundary between 
them may represent either an abrupt change in 
the rate of deposition or possibly the rate of 
lithification, or both. Therefore, the velocity 
boundary may represent a boundary in time in 
which there was either an abrupt climatic change 
or renewed uplift of the mountain masses, or both. 

The configuration of the Cenozoic and pre-Ter- 
tiary interface as determined from the seismic- 
refraction data for profiles X and Y combined 
into a single geologic cross-section corresponds 
very closely with that which would be inferred 
from the gravity anomaly along this same profile 
(Figure 11). The gravity is low over the thick sec- 
tion of low density Cenozoic deposits on the west 
and relatively high where these deposits are thin 
on the east. The gravity gradient becomes sig- 
nificantly larger above the faults of large throw 
revealed by the seismic data. A detailed analysis 
of the gravity anomaly was not made along this 
line because of the complexity of the structure 
and of the gravity field. 


SUMMARY 


The geophysical evidence indicates that the 
bedrock floor along the axis of southern Owens 
Valley has been dropped down along steeply- 


dipping border faults to depths ranging from 1,000 
ft above sea level to 5,000 ft below sea level. Thus, 
the valley block, throughout the greater part of 
its length, has undergone absolute depression. 
The strikes of the boundary faults are, in order of 
‘decreasing occurrence, northwest, north, and 
northeast. Movement transverse to the valley 
trend has taken place along faults whose strike is 
more nearly east. The relief between the crests 
of the bordering mountains and the subsurface 
bedrock floor is nearly 20,000 ft, which is a mini- 
mum estimate of the total vertical movement. 
The present mountain escarpments, although im- 
pressive to the eye and very steep topographically, 
are considerably less steep than the subsurface 
escarpments. Seismic measurements indicate a 
fairly sharp change from poorly consolidated to 
more highly compacted sediments within the 
Cenozoic valley deposits. This boundary, which 
has been noted elsewhere in the Owens Valley 
region (Pakiser, Press, and Kane, 1960), may be 
caused by a change in the rate of uplift of the 
nearby mountain masses. 
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Abstract; An analytical theory of epithermal neutron logging is presented. One-group diffusion theory is applied to 
the slowing down of neutrons from a point fast neutron source in infinite continuous media, in a single cylinder, 
and in concentric cylinders representing a fluid-filled borehole and the surrounding formation. Numerical results 
are given for the epithermal neutron flux in a water-filled hole six inches in diameter, passing through limestone of 
10 percent or 30 percent porosity. Preliminary semiquantitative agreement is obtained with the relative response of 
a commercial logging instrument in the range of 10 to 100 percent porosity. 


INTRODUCTION 


It is the purpose of this paper to lay a founda- 
tion for a practical theory of neutron logging by 
setting up and solving the equation of elementary 
diffusion theory for some cases of cylindrical ge- 
ometry which occur in logging, in the hope that 
even a restricted theory might be helpful in gain- 
ing insight into the neutron logging process and 
in understanding the behavior of neutron logging 
devices. 

The boundary conditions which exist in a 
practical neutron logging situation are formid- 
able. Furthermore, no precise and_ relatively 
simple physical law, such as Ohm’s law as in the 
case of electric logging, exists for neutron interac- 
tions with matter in bulk. Eteti the simplest the- 
oretical description of the neutron slowing down 
viz., diffusion theory—is more complex 
than Ohm’s law applied to extended media, and 


process 


there is no guarantee that a theory based on this 
description will be valid, due to the approxima- 
tions involved. Nevertheless, in the present work 
an elementary theory of epithermal neutron log- 
ging in certain cases of concentric cylindrical ge- 
ometry has been developed, based on diffusion 
theory. In future work, more detailed calcula- 
tions are planned, and it is hoped that the theory 
can profitably be refined and extended to other 
cases. A better comparison with experiment than 
has been possible with data presently available is 
also planned. 

One of the simpler problems of interest in the 
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logging application is that concerning the spatial 
distribution of epithermal neutrons due to a 
point source of fast neutrons. The epithermal 
neutrons have energies which are just above the 
thermal equilibrium between the 
the In 
logging systems, the epithermal neutrons are 
actually detected and recorded. In others, thermal 
neutrons are detected; and in still others, gamma 
rays due primarily to capture of thermal neu- 
trons by the media are detected and utilized. 
From the point of view of theory, the processes 
involving thermal neutrons will be more complex 
than those involving only epithermal neutrons, 
because in either case the slowing down of 
neutrons is involved, but in the case of thermal 
neutrons the additional diffusion of the neutrons 
after they have become thermal must be consid- 
ered. If gamma rays are detected, still other steps 
—the production and transport of gamma rays 
in the media of interest—must be included. 

In this paper, one-group diffusion theory is 
applied to the slowing down of neutrons to ob- 
tain the distribution of epithermal neutrons in 
hydrogenous media for three sets of conditions, 


energies of 


neutrons and medium. some neutron 


as follows: 


(1) a point fast neutron source in an infinite homo- 
geneous medium; 

(2) a point fast neutron source on the axis of a cylin- 
der of finite radius and infinite length; 

(3) a point fast neutron source on the axis of two 
concentric cylinders of finite radius and infinite 
length. 
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ONE-GROUP DIFFUSION THEORY 


In searching for a theory of neutron modera- 
tion which might be profitably applied to cylin- 
drical geometry, one is led to the choice of one- 
group diffusion theory as a good one to try, even 
though there are doubts as to its applicability. 
Let us first consider the well-known age theory of 
Fermi, which leads to the following solution for a 
point source in an infinite homogeneous medium 
(Glasstone and Edlund, 1952): 
(1) q= er 
(4arr)*/? 

where g is the slowing down density in neutrons 
cm} sec, Q is the source strength in neutrons/sec, 
r is the distance from the source, and 7 is the 
neutron age. The age increases as the energy de- 


creases, the relation being 


Fo dk’ 
r=[,= 
JE SEE 


where L, is the slowing down length, £ the initial 


— 


neutron energy, E the neutron energy at which g 
is evaluated, A, the scattering mean free path, 
Nir the transport mean free path, € the average 
decrease of log.’ per collision, and £’ the energy 
of the neutron as it slows down from &p to E. Age 
theory does not produce good results in hydrogen- 
containing media such as those of interest in log- 
ging. 

Extensions of age theory have been proposed 
by Fliigge, Tittle and others (Fliigge, 1943; 
Christy, 1943; Tittle, 1948). In the Fliigge-Tittle 
theory, simple transport considerations are ap- 
plied to the distribution of first collisions, and age 
theory is used thereafter. In this theory, the ef- 
fective source distribution for age theory is 
/ C 
(3) O'(r) = e rite. 


where C is a dimensional factor proportional to 
source strength, A, the effective mean free path 
to the first collision with hydrogen, and the source 
distribution Q’(r) consists of 
mean energy is Eo/e. This method is capable of 


neutrons whose 
producing reasonably good agreement with ex- 
perimental distributions of epithermal neutrons 
in extended hydrogenous media, and it can be ex- 
tended to the computation of thermal neutron 


28 C. W. TITTLE 


distributions. It includes a method of computing 
the slowing down length (Murray, 1957). 

The application of age theory to multiple 
media, in either its elementary form or its exten- 
sions, is fraught with difficulty. The principal 
complication arises from the fact that as a neutron 
crosses a boundary between two media, its age 
changes, because the age is not only a function of 
energy but also of the properties of the medium 
(Weinberg and Wigner, 1958). 

To overcome this and other difficulties, multi- 
group diffusion theory has been extensively ap- 
plied to neutron slowing down problems which 
involve two or more media (Weinberg and Wig- 
ner, 1958). In this theory, the neutrons are re- 
garded as diffusing at a constant energy, Jumping 
to a lower constant energy and diffusing some 
more, and so on. Ii enough energy groups are em- 
ployed, the desired precision can frequently be 
attained. 

In its simplest form, multi-group, diffusion 
theory reduces to one group. Diffusion theory as 
conventionally conceived applies as a low-order 
approximation of transport theory, to the case 
of neutrons of constant energy diffusing through 
a medium in which they are absorbed as well as 
scattered. The differential equation of diffusion 
theory is as follows (Glasstone and Edlund, 
1952): 

on 
(4) 


DV*o 
Na al 


Here @ is the neutron flux in neutrons/cm’sec, 
\, the absorption mean free path, D the diffusion 
coefficient, S the source strength per unit vol- 
ume, x the neutron density in neutrons per unit 
volume, and ¢ the time. The neutron flux @ is re- 
lated to the neutron speed 2, as follows: 


= Nv. (5) 


The changes which occur in conventional neu- 
tron logging are sufficiently slow that the neutron 
density may be regarded as constant in time. 
Hence the time derivative on the right hand side 
of equation (4) may be set equal to zero. We are 
specifically interested in a point source. There- 
fore, at all points except the origin, the source 
term is zero, and equation (4) may be written 


Vo — = 0. (6) 


te 
j 
= 
2 
é 
AW 
i 
} 
Na 
| 
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The diffusion length L is defined as /AgD. Thus 
CP) 


In the application of interest here, the assump- 
tion is made that the absorption of neutrons is 
negligible until they attain energies quite close to 
thermal. However, in the use of one-group dif- 
fusion theory as a description of slowing down, we 
regard removal of neutrons from the energy 
group by slowing down as the equivalent of ab 
sorption. In this case, Z represents not the diffu- 
sion length, but the slowing down length, Z,. 
Equation (7) remains the same except for the re- 
placement of L, for L: 


(8) 


Although L, may be obtained by use of equat ion 
(2) and the definition L,?=7, it is generally more 


satisfactory to use experimentally-derived values 
based on the relation (Feld, 1953) 


oridr 


| or-dr 


where r? is the mean square distance of the slowing 
down distribution. The integrals are evaluated 
numerically from experimental data, the extra- 
polation to infinity being made by suitable means. 
Usually it is assumed that the distribution from a 


point source goes as 


constant 
(10) 
at large distances, L’ being a relaxation length 
obtained from a plot of the experimental data at 
distances as large as is practical. 
The solution of equation (8) for a point source 
in an infinite homogeneous medium is (Feld, 1953; 
Glasstone and Edlund, 1952) 


Q Ls 
(11 - 
r 


where ¢, the epithermal flux, is related to the 


slowing down density g as follows (Hughes 


1953): g=t/A,; and D=L,2£/d,. The latter rela- 
tion is required by the normalization condition 
that the total number of neutrons in the medium, 
slowing down through energy E (the epithermal 
energy) per second, must equal Q, the source 
strength, since none are assumed lost through 
absorption. In equation (11), — and A, are evalu- 
ated at the final (epithermal) energy £ , and are 
not average values over the energy interval 
(Eo, 

It is interesting to see how closely equation (11) 
describes the epithermal neutron distribution in 
water. Figure 1 illustrates the comparison with 
experiment. The solid curve is the prediction of 
equation (11), and the experimental points were 


1000 


n/cm? sec U 


10 20 30 40 
r, cm 


Fic. 1. Comparison of diffusion and age theories with 
experiment. The neutron source is 300 millicuries of 
Ra-Be. Experimental points are based on measure- 
ments of the indium resonance neutron flux at 1.45 ev 
by Dacey, Paine, and Goodman (1949), adjusted to a 
source strength of 4.5 10° m/sec. Curve A: One-group 
diffusion theory with 1,=6.8 cm. &/A,=1.41 
Curve B: Age theory, using the same values of L, and 
t/d,. In the unit for epithermal neutron flux, n/cm? sec 
U, the symbol U stands for the neutron lethargy 
(In E/E). It is to be interpreted as “per unit lethargy 
interval” in the specification of the unit of flux. 


- 
\ 
(9) = r = 
= 
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obtained in a large water tank by use of a Ra-Be 
neutron source and cadmium-covered indium foils 
which served as epithermal neutron detectors at 
an effective energy of 1.45 ev. The source 
strength Q was 4.5X10° neutrons/sec. LZ, was 
taken to be 6.8 cm (an experimental value), and 
&/N, was 1.41 cm™ as computed from the neutron 
cross-sections. Curve B in Figure 1 is the predic- 
tion of age theory (equation (1)). Agreement with 
experiment is poor because of the large hydrogen 
content of water. Except near the source, good 
agreement is obtained between diffusion theory, 
Curve A, and experiment, though it is to a large 
extent undoubtedly fortuitous. Nevertheless, one 
is encouraged to pursue this elementary theory 
further. It has, at least, the virtue of describing 
the slowing down of neutrons as a diffusion proc- 
ess, and it appears that some of the approxima- 
tions of the theory may be compensatory. 


THE CYLINDRICAL MEDIUM 


In a medium of finite extent, the escape of 
neutrons from the surfaces must be taken into 
account. If the surroundings are effectively the 
same as a vacuum, no neutrons are returned to 
the medium once they enter the surroundings, and 
the latter may be regarded as a perfect absorber of 
neutrons. It is convenient here to use the concept 
of the extrapolation distance. If the boundary of 
the medium is plane, or if its curvature is small, 
the extrapolation distance (Feld, 1953; Weinberg 
and Wigner, 1958) 


(12) l= 


is the distance beyond the boundary at which the 
neutron flux extrapolates to zero. It is conven- 
tional, therefore, to regard the medium as being 
larger in dimension than the true value by an 
amount 7, and to apply the boundary condition 
that the flux is zero at this new ‘“‘boundary.” For 
instance, if there were a point source at the center 
of a sphere of radius R, one would apply the 
boundary condition that the flux be zero at a 
distance R+/. The concept of the extrapolation 
distance greatly simplifies the incorporation of 
boundary into diffusion 
theory, and it can be applied not only to the inter- 


conditions neutron 
face between a medium and a vacuum, but also 
under certain conditions between two media, in 
which case the value of / depends on the proper- 
ties of both media (Feld, 1953; Christy, 1943). 


Let us apply one-group diffusion theory to a 
point fast neutron source on the axis of a cylinder 
of radius a (including the extrapolation distance). 
The cylinder to be considered is infinite in length. 
The axis of the cylinder will be designated the 
z-axis, and the radial distance from the axis will 
be called r. For the condition of symmetry im- 


plied, equation (8) assumes the form 


ap ¢ 


(13) 


1 0¢ 

r 
This equation can be solved by the method of 
separation of variables. Assume that a solution 
exists which can be expressed as the product of 
a function of y only and a function of z anly, the 
functions being designated and Z(s), re- 
spectively. Thus 


= R(r)Z(2). (14) 


If this solution is substituted into equation (13), 
the derivatives become ordinary derivatives and 
the equation can be rearranged as follows: 


1 1 
Z 


1 d*R 


1 dR 
R dr rR dr 


(15) 


The variables have been separated, inasmuch as 
r appears only on the left and gz only on the right 
hand side of the equation. Since r and gz are in- 
dependent, each side of the equation must be 


constant; we shall call the constant —C?. Thus we 
obtain two ordinary differential equations: 


1 @R 


(16) 
R dr rR 


and 
1 
dz? 
These can be rewritten 
d’R dR 
—+ C?R = 0, 


dr? r dr 


= 
= 
i 
GR 
(17) 
(18) 
and a 
9 
dz? 
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Equation (18) is a form of Bessel’s differential 
equation, whose solution is 


(20) R = + (Cn), 


where C; and C, are arbitrary constants, Jo is the 
Bessel function of the first kind and zero order, 
and Yo is the Bessel function of the second kind 
and zero order. For the moment, only real values 
of C will be considered. Equation (19) is a well- 
known differential equation whose solution is 


(21) Z = + 


where C3 and C, are arbitrary constants and 


/ 1 


For reasons of symmetry, the solution along the 
negative z-axis must be a mirror image of the one 
along the positive z-axis. It will therefore be suf- 
ficient to consider only positive values of z. 

Y,(Cr) is infinite at r=0, a condition which is 
inadmissible; hence Cs must be zero. The second 
term on the right in equation (21) goes to infinity 
as z approaches infinity, a behavior which is like- 
wise incorrect. Hence C;=0. The solution for the 
epithermal flux @ therefore reduces to 


(22) or, 2) = R(r)Z(sz) = C,C3J 0o(Cr)e 


or 


(23) ?,, AnJ (Carre 


where the product CC; has been replaced by the 
single constant A,, and the subscript 2 has been 
introduced to denote the fact that various values 
of C are permissible; and each value of C has asso- 
ciated with it a particular value of F, A, and @¢. 
This set of ¢,’s represents the set of particular 
solutions of equation (13) which meet the bound- 
ary conditions on the z-axis and at infinity. The 
general solution, subject to these conditions, is the 
sum of all @,’s: 


In order to evaluate the C,, we apply the 
boundary condition at r=a, viz. that the flux is 
zero. (The radius a includes the extrapolation 
distance.) This condition is applied to each ¢,; 
thus, 

(25) Ji(C,a) = 0, 


the condition which determines C,. The function 
Jo(x) is oscillatory and becomes zero nearly 
periodically. Let x, be the set of values of x at 
which Jo(x) =0. Table I lists the first six values of 
x, (Jahnke and Emde, 1945). 


TABLE I. THE Roots oF Jy(x)=0 AND THE 
CORRESPONDING VALUES OF J;(x) 


Xn Ji (Xp ) 


+0.5191 
5.5201 —0.3403 
.6537 +0.2715 
—0.2325 
.9309 +0. 2065 
0711 —0.1877 


(26) 


The next step is to determine A,. This can be 
done by expanding the point source into a 
Fourier-Bessel series in the z=0 plane, and 
equating the series, term by term, to the neutron 
current through the z=0 plane, as obtained from 
equation (24) and the fact that the current density 


jand flux @ are related as follows (Feld, 1953): 


j = — Degrad ¢. (27) 


The point source may be written Q6(r). In this 
expression, Q denotes the source strength, a con- 
stant, and 6(r) is a modified form of the Dirac 
delta function (Sokolnikoff and Redheffer, 1958), 
which is defined to be zero everywhere except at 
r=0, where it is infinite in such a way that 


f 2rré(r)dr = 1. (28) 
0 


We now expand 46(r) into a Fourier-Bessel series: 
&(r) = >> —). (29) 
n a 


To evaluate B, we form the integral 


dr = 1, (30) 
0 a 


the value 1 arising from the definition of the delta 
function and the fact that J9(0)=1. If 6(r) from 
equation (29) is substituted into equation (30), 


n = 
3 
4 4 1 
5 
6 1 
Thus : 
| | 
a 
A 
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except that different symbols m and 7 are used to 


denote the index in the two cases, we obtain 


Jo 


0 m a a 
(31) 
-2ardr = 1. 
Now the function Jo(x,7/a) is orthogonal with 
respect to the weighting function ¢ in the interval 
(0, a). This means that every term in the integral 


of equation (31) will be zero, except the one 


for which m=n. Therefore 


a 2 
(32) Jo -2rrdr = 1. 
0 a 


This enables us to determine the constant B,. 
When the integral is evaluated, we obtain (Jahnke 
and Emde, 1945) 


1 


(33) B, = 


where J, is the Bessel function of the first kind 
and first order. Some values of J,(x,,) are listed in 
Table I. 

We next compute the neutron current density 
jn Corresponding to each value of ”, using equa- 
tions (27) and (24). We are interested in the cur- 
rent crossing the plane s=0. We therefore take 
the component of the gradient along the z-axis, 
which has a magnitude 0¢,/0z. Thus 


(34) jn = DF, (Car), 


where z has been set equal to zero after differenti- 
ating. By symmetry, half the neutrons are emitted 
into each half-space. Hence, combining equations 
(33) and (29), for each term we equate half the 
source strength to the current density, to obtain 


Oo 
a 
(35) DF,A,J 
|? a 


whence 


(36) 


Returning to equation (24), we obtain as our 
final solution for the epithermal neutron flux in a 
cylinder 


o= 
2x DF ,,a2|J,(x,) |? a 
where 
1 
(38) 
a” 


This result can be applied to the problem of 
estimating the size of the blocks of stone to be 
used in constructing an artificial well for neutron 
logging studies. Although this calculation neglects 
the effect of the borehole, the result should be cor- 
rect as to general magnitude. As an example, we 
consider a limestone whose porosity of 3 percent is 
waterfilled. For this medium, it is estimated that 
L2 is 302 cm?, by numerical evaluation of the 
integral in equation (2) using cross-sections 
modified so as to produce agreement with the ex- 
perimental values of L,? for water (Munn and 
Pontecorvo, 1947) and for dry limestone (Titt- 
man, 1955). The value of z is taken to be 38 cm, 
which is fairly typical of the spacing used in 
neutron logging instruments. The theoretical re- 
sults are presented in Table II, where equation 
(11) has been used for the case a= 2%. For this set 
of conditions, three to five terms of equation 


(37) were sufficient. 


TABLE IT. EpiIrHeRMAL NEUTRON FLUX ON THE AXIS 
AT s=38 Cm IN WATER-SATURATED LIMESTONE 
OF 3 PERCENT Porosity, AS A FUNCTION 
OF CYLINDER 


a,cm ¢ (relative) 
40 0.878 
50 0.953 
Of) ().990 
70 0,994 
L 1.000 


It is seen that a radius of 60 cm, or about 2 ft, 
is sufficient to make the flux within one percent 
of its value for an infinite block. If water lies 
beyond the limestone, the extrapolation distance 
is about one inch in this case and need not be 
considered, within the accuracy of the calculation. 

For larger porosities, smaller blocks would suf- 


fice, because of the smaller values of Ly. 
CONCENTRIC CYLINDERS 


The next problem of interest in neutron logging 
is that of two concentric cylinders, with the source 


; 
7 


on the axis. The cylinders are considered to be 
infinite in length. The inner cylinder represents 
the borehole, which is taken to be fluid-filled for 
present purposes. The effect of the logging instru- 
ment in displacing the fluid is neglected in order 
to obtain a first approximation to a real logging 
situation. 

Although the outer cylinder may be infinite in 
radius, it happens that the case of finite radius is 
easier to treat, and the solution will be given for 
that case. The procedure is similar to that em- 
ployed in the problem of the single cylinder. 

Let the radius of the inner cylinder be a and 
that of the outer cylinder be 6. The latter value 
includes the extrapolation distance. Equation (8) 
applies in each medium, but ZL, is different for the 
two media, say Z, for the inner and Ly for the 


the cylinder. Thus, 


(39) 0<r<a 
Ey 


The variables are separated as before, the result 
for the inner medium being the same, up to the 
point indicated by equation (23): 


(41) = A,J (Care 
where 

/ 1 
(42) F, = 4 f ( ne + 


A new procedure must be used to evaluate C,.. 
For this purpose we require the solution for the 
outer medium, which is the same as equations (20) 
and (21). We observe that C. must be zero as be- 
fore, but we can no longer eliminate the term in 
Yo, because the z-axis is not included in the outer 


zone. Thus, 
(43) = GalJo( Par) + Par) 


where the constants have been redefined for con- 
venience, and a different symbol has been used for 
the coefficient of r. It should be noted that Fy, 
must be the same as for the inner zone, because 
the z-behavior of a given mode must be the same 
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at r=a, when approached from either side. From 
the procedure of separation of variables, it is seen 
that 


Fy = 4/ Pe +—,; (44) 


and by combining equations (42) and (44) we 
obtain a relation between C, and ?P,,: 


C2+—=P2+—- (45) 


Our solution now contains five unknowns, viz. 
Ay, Cn, Pn, Gy, and H,,; hence we need four more 
relations among them in order to evaluate them. 
(F,, is regarded as known from equation (42) or 
(44) once the other factors are known.) These four 
relations are obtained from 


(a) the boundary condition at r=), viz. dn2=9; 
(b) the boundary condition on flux at r=a, viz. 
Oni =9n2} 


the boundary condition on current density 


(c 
at r=4, ViZ. =Jn23 

(d) the normalization of the current to the 
source at the origin, a procedure analogous 
to the determination of A, in the problem 
of the single cylinder. 


Applying condition (a), we obtain 


Jo( | 
(46) 
Vo(P,.b) 


From condition (b), 

A,Jo(Cna) = G,,[Jo(Pna) + (47) 
Condition (c) yields 

Cr An DiS (Cia) 


= P,G,D2[Ji(P,a) + (48) 


The application of condition (d) will be de- 
ferred because equations (45) through (48) allow 
a determination of P,, C,, and H,, which are in- 
dependent of A,. First, regard P, as the variable 
to be found; eliminate the others from equations 


i 
1 1 
f 
4 
4 
at 


(45)—(48). The result is 


Rx) 
J } o( x) 
D» Jo(y) Vo(kx) 
(49) : 
yJ\(y) ( Rx) 
— V s(x) 
or 
D» 
(49a) g(y) = f(x), 
where 
a a~ 
y=C,a = { 
(50) 
b 
ad 


Equation (49) must be solved for x (and hence 
P,.) by numerical methods. A convenient pro- 
cedure is to compute a table of values of the 
function on the right hand side of the equation, 
which is defined as f(x). Similarly, a table of 
values of g(v)=Jo(y)/yJi(y) is computed. The 
two functions are then graphed as functions of x 
(after g(v) has been multiplied by D2/D,), and the 
points of intersection yield the values of the roots, 
x,. The smallest root corresponds to 1, ete. 

This graphical procedure for finding the roots 


| \ 


| 

+ + + | 

\ 2 3 


Fic. 2. Graphical method for finding the roots (x,) 
of equation (49). The case illustrated is for a 6-inch 
diameter water-filled hole in limestone of 30 percent 


porosity, water-saturated. 1;=6.8 cm. L2=9.55 cm, 
D2/D,=0.63, b/a=6. The light curve is f(x); the heavy 


one is Dog(y)/D,. 
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of equation (49) is illustrated in Figure 2. It is 
noted that both functions are oscillatory. There 
are, of course, an infinite number of roots. How- 
ever, if k=b/a is not too large, it will suffice to 
consider the first five to ten terms of the series, 
depending on the value of z. 

We now direct our attention to the determina- 
tion of A,. The procedure will be similar to that 
employed in the case of the single cylinder. 
Equations (41) and (43) define the flux in the 
r-interval (0, 6). Let us now set up the following 


expressions: 
lint = VD, grad. Pat O<cr<a 
(51!) 


= V De grad; 


(52) 
= Par) + 
a < r < b 
z= 0 


Together, these two equations define a function in 
the r-interval (0, 6) which we shall call /,(7). If 
this function is orthogonal with respect to the 
weighting function ry in the interval (0, 6), the 
point source (6(7) can be expanded into a series 
such that 


= >> B,h,(r), (53) 


and the B, can be determined in a manner 
analogous to the procedure of equations (29) 
through (33). 

In order to prove orthogonality of the /,(7), it is 


necessary to show that for m#n (Hildebrand, 


1949) 
b 
f rh, (r)hn(r)dr = 0. 
0 


this integral is 


(54) 


Though the determination of 
lengthy, it is straightforward; the calculation will 
not be reproduced here. The interested reader 
may prove it with the aid of the fundamental 


integral (Jahnke and Emde, 1945) 


b 
xZ o( k,x)Zol( k,x)dx 


b 
[k, Zo(Rmb) Z1( 
RmZo( kb) Zi(Rmb) |, 


7 
: 
Me 
| \ | | 
| 
| | 
f(x) | | 
D2 ay 
-2>—— 
x 
(95) 


where Z» stands for Jo or Yo or a linear combina- 
tion of Jo and Yo; and Z, stands for J; or Y; ora 
linear combination thereof. 

The A, are now determined by the condition 
that half of the source strength in each mode 
equals the z-current in that mode integrated over 
the plane z=0. The procedure for the deter mina- 
tion of B, and A, is analogous to that used for 
obtaining equations (33) and (36). The result is: 


-= 


Ds J Vn) > 
(56) + Jo07(yn) + + ( 
| Dd, 


— (Xn) — | 


where 
W¥n=C,a 
Xn= Pra 
Z (x) =JSo(x) +H, Yo(x) 
Z1(x) =J +H, ¥1(x) 
k=b/a 


1 1 
F,=4/ P,?+— 
J o( kx) 
H,,=-— | 
o(kx) 
J ) 
Ji(y,) + | 


Xn) 


VnJ of Yn ) 
+ V —Zi(x, ) 


From equation (41), the solution for the flux in 


the inner zone is 


n 


where C,, is given in terms of P,, by equation (45). 

Equation (58) is the solution of the proposed 
logging problem, inasmuch as measurements of 
flux are made in the inner cylinder. However, the 
solution also gives ¢e, the flux in the outer zone, 
by summation of the terms represented by equa- 
tion (43). 
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IMAGINARY ARGUMENTS OF THE 
BESSEL FUNCTIONS 


In solving equation (45) for C,, instances arise 
in which C,, is imaginary, because usually L; < Lo; 
and y will be imaginary. Let y=iu, where 
i= 4/—1 and w is real. These cases of imaginary 
C, must be included in the analysis, because 
Jo(iu) is a real function, sometimes called Jo(z). 
It is to be noted that although J, (iu) is imaginary, 
it appears in equation (49) as a product with 7x, 
the combination being real. This is because 
(Hildebrand, 1949) 


WJ i(iu) = — (59) 


a real function. 

On the other hand, imaginary arguments of the 
Bessel functions on the right hand side of equation 
(49), corresponding to points in the outer cylinder, 
do not occur, as is demonstrated below. In order 
study this case, it is convenient to return to the 
differential equation whose solution is equation 
(43). In the event that P,? is negative, let 
Q,?= — P,?, where Q, is a real number; and let 
v=Q,r. The solution for the outer medium can 


then be written 
¢, = G,|Jo(v) + (60) 


where Jo is the Bessel function of the first kind, 
zero order and so-called imaginary argument, and 
Ko is the Bessel function of the second kind, zero 
order, and imaginary argument. Note that de- 
spite this terminology, v is a real number and J 
and Ko are both real. Note also that although 
J o(x) =Jo(iv) =Io(v), it is not true that Yo(x) 
=K,(v). The equation which replaces equation 
(49) is: 


Io(v) — — ne 
Ds Ko(kv 
= . (61) 
D, ul,(u) T\(kv) 
v| + ; -K,(v) 
o( RV) 


The change in sign in the denominator is a result 
of the fact that Jo’(+)=J,(x), whereas for the 
other Bessel functions, Zo’(x) = —Z,(x), where Z 
stands for J, Y, or K. 

The functions Jo, 7;, Ao, and K, are positive for 
all positive real values of uw and v. Hence the left 
hand side of equation (61) is always positive. 
Since k>1, and since 7» is monotonic increasing 


7 
P \ 
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: 
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and Ko is monotonic decreasing Ko(v) > Ko(kv) 
and Jo(kv) >Jo(v). Therefore, the right hand side 
of equation (61) is always negative, and the equa- 
tion can have no real roots. 


0.2 

0.1 

20. 
z,cm 


Fic. 3. Examples of theoretical distributions of epi- 
thermal neutron flux on the axis of a 6-inch diameter 
cylinder of water in limestone of 10 percent porosity 
(curve A) and 30 percent porosity (curve B). The poros- 
ity is water-saturated in both instances. The parameters 
used are listed in Table III. The ratio of radii, k=6/a, 
is 6. The source is Ra-Be with O=4.5X 10° n/sec (300 
millicuries). For comparison the following curves are 
included: 

Curve A,: Diffusion theory for an infinite continuous 
medium consisting of limestone of 10 percent 
porosity, water-saturated. 

Curve B,: the same, for 30 percent porosity. 

Curve C: The same, for water. 

+: Response of Perforating Guns Atlas Corporation 

Model PH-125 epithermal neutron logging in- 
strument in water, normalized to the theoretical 
curve for water. 

xX: The same, centered in a 6-inch diameter water- 

filled hole in limestone of 30 percent porosity. 
The same, for 10 percent porosity. 


THE INFINITE OUTER CYLINDER 

The case of the infinite outer cylinder can be 
approximated by taking k=/a sufficiently large. 
For this purpose, the procedure illustrated in 
Table II can be used to estimate how large k must 
be. It is desirable to keep & as small as possible in 
order to obtain rapid convergence of the series. At 
small porosities and large values of z, it is neces- 
sary to use larger values of k. 

Numerical examples of the solution to the 
double cylinder problem, equations (56)—(58), are 
illustrated in Figure 3. In the examples, k was suf- 
ficiently large to make the outer cylinder effec- 
tively infinite for the values of z employed. It is 
seen that the neutron distribution in the water- 
filled hole lies between those predicted by the 
theory for infinite homogeneous media of water 
and of limestone. Semiquantitative agreement 
with the response of the Perforating Guns Atlas 
Corporation Model PH-125 epithermal neutron 
logging instrument (Rabson, no date) is indicated. 
The effects of the’ finite size of the instrument 
have yet to be elucidated. Undoubtedly the in- 
ternal structure, including the radiation shielding 
arrangement, has a strong influence. 


DETECTION OF GAS 


If a substantial amount of invasion of the for- 
mation by liquid filtrate from the borehole fluid 
occurs, the presence of gas may be masked. The 
methods described in this paper can be applied to 
a theoretical study of invasion and gas detection 
by applying an albedo boundary condition (Feld, 
1953; Christy, 1943) at the interface between the 
invaded zone and the gas zone, the effect of the 
gas being taken into account by proper selection 
of the extrapolation length. 

A discussion of this application, together with 
the presentation of further examples of the appli- 
cation of this theory and a procedure for deter- 
mining the slowing down length ZL, and the dif- 
fusion coefficient D for media of interest in well 
logging, is planned in subsequent work. 

CONCLUSIONS 

An analytical theory of epithermal neutron 
logging has been developed by applying one- 
group diffusion theory to the slowing down of neu- 


trons from a.point fast neutron source in concen- 
tric cylindrical media. Detailed comparisons with 
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experiment remain to be drawn, but preliminary 
semiquantitative agreement has been obtained 
with the relative response of a commercial logging 
instrument in the range of 10 to 100 percent 
porosity. 
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TABLE IIT. PARAMETERS FOR FIGURE 3 


Curves Li, cm Lo, cm Di, cm Ds, cm 


A, A, 6.8 13.3 65 31 
B, B, 6.8 9.55 65 41 
& 6.8 65 - 


APPENDIX 


THE RUSSIAN LITERATURE ON THE THEORY 
OF NEUTRON LOGGING 


Mr. J. A. Czubek, of the Academy of Mining 
and Metallurgy, Cracow, Poland, has kindly sup- 
plied the following summary of the Russian litera- 
ture on the theory of neutron logging. The sum- 
mary was translated by Dr. K. Przewlocki of the 
same institution. This body of literature is rather 
extensive; however, the problem presented in the 
present paper is not covered by it. 

Bulashevich (1948, 1951) and Kantor (1955) 
have considered neutron-neutron and neutron- 
gamma logging in infinite, homogeneous media. 


‘ ” 


They discuss the effects of “short” and “long 
spacing between source and detector. The de- 
velopments are based on the fundamental theories 
of neutron slowing down and diffusion (Glasstone 
and Edlund, 1952). Equations for the thermal 
neutron distribution are given. 

Glauberman and Talianskyi (1957) and Talian- 
skyi (1958) have applied the two-group diffusion 
approximation to the distribution of neutrons. 
The first of these two papers considers a point 


source on the axis of a vorehole passing through 
an infinite medium. The second paper considers 
two strata separated by a plane boundary but not 
cut by a borehole. No numerical results are given. 

Temkin (1957) gives a solution of the kinetic 
equation for neutrons in the form of a series of 
functions, by finding the Green’s function of a 
certain integro-differential equation. The borehole 
is not considered, and there are no numerical 
results. 

The Russian Academy of Science (Akademiya 
Nauk SSSR, 1958) published the Proceedings of 
the national conference which was in 
Moscow in April, 1957, concerning the application 
of isotopes and radiation. One session of this con- 
ference was devoted to the exploration and pro- 
duction of useful minerals. The book which con- 
stitutes the proceedings of this session contains 34 
papers, most of which are devoted to nuclear 
logging in its various aspects. A set of abstracts in 
English (U. S. Atomic Energy Commission, 1958) 
is available. One of these papers, ‘‘The Theory of 
Neutron Well Logging Methods,” by S. A. Kantor 
and A. Ya. Temkin, considers the theory of 
neutron moderation in cylindrical media and in 
continuous media. 

Barsukov et al. (1958) have written a rather 
thorough book on nuclear well logging. Chapter 
VIII , by O. A. Barsukov and K. A. Barsukov, 
is entitled, ‘Fundamental Theories of Neutron- 
Neutron and Neutron-Gamma Methods of In- 
vestigating Boreholes.’’ Among other things, this 
chapter gives a solution of two-group diffusion 
theory for a point source on the axis of a borehole 
cutting through an infinite medium. Some nu- 
merical results are given. 

Kantor (1958) gives a solution of the kinetic 
equation in cylindrical symmetry through the 
Fourier integral, by assuming a value for the 
neutron mean free path. An estimate of depth of 
investigation is given. This paper extends the 
work of Kantor and Temkin mentioned above 
(Akademiya Nauk SSSR, 1958). 

Kulinkovich (1959) considers a problem similar 
to that of Glauberman and Talianskyi (1957), but 
for only one neutron group and for many cylindri- 
cal boundaries (representing borehole, casing, 
cement, formation). The solution is in the form 
of a Fourier integral for the whole space. There 
are no numerical results. 
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Temkin (1959) gives a solution of the neutron 
kinetic equation for a homogeneous medium. 
Curves for different rocks are calculated. A rather 
simple equation is given for the density of epi- 
thermal neutrons as a function of distance, source 
strength, mean free path, average value of the 
ratio of scattering cross sections for protons and 
heavy nuclei, and water saturation of rocks. 
Theoretical calculations are compared with the 
experimental results of Tittle, Faul, and Goodman 
(1951). 

Kantor (1959) applies the results of a previous 
paper (Kantor, 1958) to the determination of the 
epithermal neutron distribution in a medium cut 
by a borehole. The author calculates the moments 
of the distribution function. Theoretical results 
are compared with experiment. 

A recent book entitled ‘‘Nuclear Geophysics” 
was published by the Soviet Technical Publishing 
Agency (Gostoptekhizdat, 1959). It is a collection 
of various papers, consisting mainly of experimen- 
tal work on nuclear logging. One of the papers, by 
Zolotov, shows the deviations of the theory of 
Bulashevich (1951) from reality. Much of the 
work reported deals with activation logging, 
neutron activation analysis, and the use of the 
neutron generator in boreholes. 

The Russian Academy of Science (Akademiya 
Nauk SSSR, to be published) sponsored another 
national conference in Moscow in March, 1959, 
on the applications of isotopes and radiation. 
Many papers on nuclear well logging were pre- 
sented. The Proceedings, when available, should 
be of considerable interest. 

Talianskyi, Bilenkin, and Dragan (1960) have 
extended the work of Glauberman and Talianskyi 
(1957). Two-group diffusion theory is applied to 
the determination of the thermal neutron density 
ina mud-filled borehole traversing limestone of 
various porosities (0, 10, 20, and 30 percent), oil 
filled. Numerical results are given for points on 
the axis at 10, 20, 30, 40, and 50 cm, for borehole 
radii of 0, 10, and 15 cm. For the last-mentioned 
borehole radius, only porosities of 0 and 30 per- 
cent are considered. 
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THE ELECTRONIC COMPUTER AND GEOPHYSICS* 


L.S. MORRISONT ann ROBERT WATSONtT 


Abstract: With the advent of electronic computers a revolution in data handling has been brought about. As yet 
few people outside of scientific research or accounting fields are familiar enough with these computers to know how 
they can be applied in their particular type of work. 

Electronic computers consist of three basic elements: an operations register, a digital computer and a memory 
unit. 

The memory unit retains information in numeric form in locations that are identified by a coordinate system. 
Data stored in memory may be retrieved and processed in the digital computer and the results of the computation 
may be stored for later use. Computations are carried out in the binary or two-digit number system. 

Che operations register controls the operation of the digital computer and the memory unit and acts as a link 
between the intent of the programmer and the internal operation of the system. 

An object, given the proper code numbers describing its shape, size, color, etc., can be identified from other ob- 
jects by comparison of code numbers. The speed and ability of electronic computers to compare and identify makes 
possible the solution of very exacting problems that otherwise would be humanly next to impossible from time 
considerations. 

Electronic computers have been used in geophysical exploration to compute and contour derivative maps of 
gravity and magnetic data. They have been used to reduce gravity data to datum, compute interval and average 
velocities from velocity profile data and have been used to solve many non-recurring problems. 


THE ELECTRONIC COMPUTER AND GEOPHYSICS merely by recalling the word ‘“‘apple.”” As we be- 
A revolution in data handling is taking place. come — familiar with apples his store addi- 
about such things as the guidance of various types labeled apple” —taste, 
in color and shape, seeds, etc. Then one day we 


are shown a plum. We compare it with what we 
know is round, red and has a stem, and deduce 


of missiles once they have left their launching 
pads. We are aware of it in personal matters such 


as how quickly our pay check is computed in spite Dice 
wast of deductions. Vet. celatively that it might be an apple. But does it have all the 
few people other than those in accounting or in other properties of an apple? We test it and see 
scientific research are familiar enough with elec- that x does not. So the icici o accumulating 
tronic computers or “brains” to know how they information (knowledge) continues until we have 
can be applied in their particular type of work. a complex cross-indexed wen of images and facts 
Before we can discuss the use of computers in stored in our brain. This is what we call memory. 
everyday geophysical operations we must have Electronic computers consist of three major 
some notion of how they operate. Let’s take, for 
example, the image of an object, say, an apple 
(Figure 1). 

When we see an apple for the first time, we 
form an image of it in our mind. We might notice 
that its shape is round, its color red and it has a 


stem on top. Someone tells us it is an apple so we 


‘ 


assign the name “‘apple’’ to the box in our brain 


where the image is stored. It now has an address 
so that we can produce the image of this object Fic. 1 

* Presented at the 13th Annual Midwestern Exploration Meeting, Shreveport, La., April 4, 1960. Manuscript re- 
ceived by the Editor August 1, 1960. 

+ Humble Oil and Refining Company, Carter Division, Ardmore, Oklahoma. 
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Fic. 2 


components that might be schematically shown 
as an operation’s register, a digital computer, and 
a memory unit (Figure 2). 

There are currently three types of memory 
units; the rotating drum, the disk, and the solid 
state or core storage. These units have magnetiza- 
ble areas on them called ‘bits’? where facts that 
can be represented by numbers may be stored. 
Each bit has a coordinate that describes its posi- 
tion in the memory unit. Depending on what bits 
are magnetized, digits from 0 through 9 may be 
represented. 

The total number of digits that may be stored 
ina memory unit varies with the model and manu- 
facturer. Rotating drum memory units may store 
from 20,000 digits as used in the IBM 650 com- 
puter to 180,000 digits as in the Remington Rand 
“Univac.”’ Disk storage units consist of a set of 
flat, circular grooved disks stacked in a column. 
Mechanical arms search the grooves for informa- 
tion. ach disk may contain as many as 120,000 
digits. The IBM 355 ‘‘Ramac” or ‘Random 
Access” unit is made up of fifty such disks making 
a total of 6 million digits. Disk storage units are 
generally used as accessory equipment to drum or 
core storage units. 

Core storage units, unlike disk and drum units, 
have no moving parts. Data is placed in memory 
and retrieved electrically rather than electro- 
mechanically. 

The calculator in an electronic computer is a 
high speed digital type. Unlike a desk calculator 
a digital computer uses a two digit number system 
rather than a ten digit system. Numbers are 
represented by combinations of 0 and 1 instead of 
combinations of 0, 1, 2, 3, 4, 5, 6, 7, 8 and 9. The 
two digit scale or what is known as the “binary” 
system, is more efficient electronically than our 
ordinary scale of ten, or decimal system, because 
a number can be represented by a series of posi- 
tive and negative charges (Figure 3). 

Arithmetic operations are accomplished by 
simple addition and subtraction of digits and the 


procedure is the same in binary form as in decimal 
form. Digits may be added at speeds ranging from 
50,000 additions per second to over 120,000 digits 
per second depending on the type of computer. 

The digital computer is controlled by the 
memory through an operations register that re- 
sponds when receiving certain impulses from the 
memory. These controlling impulses may be 
generated from combinations of numbers stored 
in memory that cause the computer to operate on 
other information in the memory in a specific way. 
These combinations of numbers are called pro- 
gram instructions. With these program instruc- 
tions the computer can be made to multiply, 
divide, add, or subtract information that is stored 
in various locations in the memory. Organizing 
the instructions necessary for a computer to solve 
a particular problem is called programming. These 
instructions are usually put on punched cards or 
tape and fed into the memory. Next, the data to 
be processed are fed into the memory in a similar 
manner. The computer is then sent to the memory 
location of the first program instruction and from 
there it follows faithfully the instructions the pro- 
grammer has placed in memory. The results of the 
program are generally punched out in cards or on 
tape and are then printed with an automatic 
printer. 

The operations register also acts as a link be- 
tween the intent of the programmer and the in- 
ternal operation of the system. The impressive 
array of flashing lights on the console or control 
panel is a part of the operations register. If the 
machine is stopped at any place in the program, 
from the display of lights, the operation being 
performed can be determined. This is important 
to the programmer in testing a new program for 
mistakes, as it allows him to systematically follow 
the steps of the program and “‘debug”’ it. 


DECIMAL BINARY ELECTRICAL FORM 
(Ten Digit System) (Two Digit System) 
0 0 + 
! 0 oe 
2 10 of MULTIPLICATION 
; Decimal 4 
5 10! “+ x3 
6 10 12 
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1000 “++ 
100! 
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Besides being able to perform the basic arith- 
metic operations such as multiplication and divi- 
sion the computers can be made to answer ques- 
tions either ves or no. This is done by testing to 
see if a number is either plus or minus or zero or 
not zero. The value of this can be easily demon- 
strated. Suppose we set up the table, shown in 
Figure 4, to list a few properties that an object 
might have. We can give each property a code 
number. If we have classified an object numer- 
ically by its properties and punched this informa- 
tion into cards or tape, then if this object enters 
into some sort of calculation in the computer, the 
computer can recognize it and identify it. 

We can assume the table listing the properties 
is already stored in memory. Identification of an 
object could be accomplished in the following way 
(Figure 5): 

We might first want to know: What is its shape? 
To answer this we would ask: Is it round? We 
would then want to know: What is its color? Is it 
brown? Is it red? Is it black? If it is round and 
black we might ask: Does it have a handle? If it 
does, we may conclude it is a frying pan. 

Let’s give an object the code number 1, 2, 2 
from Figure 4 meaning the object is round, red 
and has a stem. Looking at Figure 6 we see that 
by comparing the code number of the object for 
shape with the code number of the table stored in 
memory under “round” that 1—1=0. This means 
that the digit representing the shape of the object 
is the same as the digit representing the shape 
“round” in the table stored in memory. Therefore, 
the object is round. 

Next we ask: Is it brown? 2—1# 0, therefore, 
the object is not brown. Is it red? 2—2=0, so it is 
red. Comparing its next property we see upon 
asking: Does it have a stem?, that 2—2=0, there- 
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fore it has a stem and is an apple. 

The object having been identified, it may be 
given another code meaning apple and from there 
the computer continues toward the solution for 
which.it has been programmed. Instead of apples 
and frying pans we might have wanted to identify 
a certain reflection or a particular formation. 

As can be imagined from the foregoing example, 
the more complex the decision to be determined 
or the problem to be solved, the more questions 
have to be answered. This ability of electronic 
computers to compare makes it possible to solve 
very exacting problems that from time considera- 
tions would be humanly next to impossible. Prob- 
lems ranging from the solution of simultaneous 
equations of 40 to 50 variables to the problem of 
determining the best bid on a sale of federal lands 
have been solved on electronic computers. 

Electronic computers are not only very versa- 
tile but are very fast and can be made to repeat 
an operation over and over again. This is pri 
marily why they have been so widely accepted in 
the accounting field. 

Perhaps we can now ask: How can we apply 
electronic computers to geophysical exploration 
for oil? To answer this, let us look at a few 
applications. 

We have all seen or at least heard of 2nd deriva- 
tive maps made from magnetic total intensity 
maps or from Bouguer gravity maps. There are 
derivative but 


many construct 


most of them require the data to be gridded in 


Ways to 


some manner and a weighted average of values 
surrounding a center point computed and this 
average subtracted from the value at the center 
point. This is a monotonous and time-consuming 
process and consequently once a grid spacing is 
chosen, very rarely are additional derivative maps 
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made from other grid spacings. To alleviate this 
problem a program was written that computes 
derivative maps for five different grid sizes. This 
is done at the rate of one derivative computation 
every 0.4 second. However, we then had five maps 
to post and contour instead of one, creating 
another time and manpower problem. To get past 
this bottleneck a method of posting the data with 
an IBM 407 accounting machine was devised 
which posts the data in ten-inch wide strips at the 
rate of 150 points per minute (Figure 7). The 
decimal point is the location of the grid point. The 
and_photo- 


strips are then spliced together 


graphically reduced to any scale desired. All that 


remains to be done is the contouring. 

Since contouring consists largely of interpolat- 
ing between points it seemed likely that even this 
sacred task could be relegated to the computer. 
A program was devised whereby the output from 
the derivative program could be fed into the elec- 
tronic computer and an interpolation made be- 
tween data points so that on the printed map 
digits from 0 to 9 representing contour values 
would appear one tenth of an inch apart (Figure 
8). When the digits change, for example, from 7’s 
to 8’s, it means the contour value has changed by 
an amount of 10. Figure 9 is the same area con- 
toured in the conventional manner. As can be seen 
the center of the map is a closed high. 

The digits decrease as you go out from the 
center from 0 to 9 to 8, 7, 6, 5, and so on 

A more striking example of this type of con- 
touring was made from magnetic data that were 
punched into cards and processed with a com- 
puter (Figure 10 and 11). Interpolated values 
were computed each tenth-of-a-unit distance 
apart in east-west rows. The digit in the 10’s posi- 
tion of each resulting interpolation was punched 
into the proper column on a punch card. Of the 
80 columns in each card, ten were used for identi- 
fication purposes and 70 columns contained digits 
from 0 to 9 that represented the magnitude of the 
magnetic values within a 10-gamma range at each 
interpolated point. Therefore, when the values 
changed from, say 129.1 to 130.4, the digit 2 
would appear adjacent to the digit 3 indicating 
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the 130.0 contour should go between those two 
points. 

Since interpolated points were computed at 
every tenth-of-a-unit distance each card repre- 
sented a row of data 7 units wide. Successive rows 
spaced one tenth-of-a-unit distance north-south 
were computed. These were printed with the 
IBM 407 resulting in one ‘‘page” of contoured 
data. The IBM 407 can be made to print 10 digits 
per inch vertically and horizontally with but a 
minor alteration of the paper drive mechanism. 
With this adaption the contoured ‘“‘pages’’ were 
printed seven inches wide with digits one-tenth 
of an inch apart. The pages were then spliced to- 
gether and photographically reduced. 

In Figures 10 and 11 the contour interval is 10 
gammas. Each map is about 96 miles or 16 town- 
ships across, and they required about 3 hours per 
map to contour and print them. It would probably 


Fic. 10 


take a geophysicist at least three days to contour 
each map and probably it would iake a draftsman 


two weeks per map to post the data. 
Other programs in use include the reduction of 
gravity data to datum and computation of 


seismic interval times, interval velocities, and 
average velocities from velocity profile data. Be- 
sides those programs others have been designed 
and used to solve non-recurring problems. 

How electronic computers will be used in geo- 
physics in the future will largely depend on our 
imagination and understanding of them. The 
electronic computer will not replace the geo- 
physicist but will relieve him from much of the 
tedious calculations involved in geophysical work 
and will allow him more time to study the prob- 
lem of where to find oil. That, after, all, is the 
problem our companies have employed us to 


solve. 


Fic. 11 


44 


GEOPHYSICS, VOL. XXVI, NO. 1 (FEBRUARY, 1961), PP. 45-56, 9 FIGS. 


GRAVITY PROSPECTING FOR REEFS: 
EFFECTS OF SEDIMENTATION AND DIFFERENTIAL COMPACTION* 


YUNGULF 


Abstract: The classical questions are: “Do reefs create recognizable gravity anomalies?”’ “If and when they do, then 
what causes these anomalies?” To find the answers to these questions, first a study of the case histories was made. 
It indicated that deeply buried, “isolated,” organic reefs frequently create recognizable but “‘mysterious” gravity 
anomalies, and that there is no evident direct relation between the reef mass and the gravity anomaly. To find out 
the causes of these anomalies, the field of investigation proved to be so large that this paper could be entitled “a 
tentative density analysis of the sedimentary subsurface.’’ The reef mechanism and the depositional processes are 
such that there is a concentration of sand in the over-reef section. Densities in clay and sand mixtures were investi- 
gated in terms of composition and depth of burial. The sand concentration alone is capable of creating shallow 
positive and deep negative density contrasts sufficient to account for the major part of the gravity anomaly. The 
gravity effect of a hypothetical reef was calculated. The result was very much like those actually observed. The 
gravity anomaly depends mainly on what has happened after the reef was buried, and not on the contrast at the 
reef level. 


INTRODUCTION and interpreted? They can sometimes be recog- 


The presently known major productive reef nized, but, leaving interpretation aside, most of 
provinces in the world are almost all confined to them have not so far been explained even on the 


North America. The development of reef explora- basis of “known” geologic cross-sections, after the 
tion largely took place during the last fifteen fields have been developed by drilling. One of the 
years. This situation does not necessarily mean Main reasons responsible for this confusion is the 
that reef growth favored North America. It also missing part of the “known” geology, namely the 
does not mean that effective surface exploration three-dimensional density data (lateral and 
methods have been found. The main reason is downward). 
simply that North America has been the scene The writer does not believe that gravity is or 
of the most extensive “wildcat” drilling during Will be the best tool in finding reefs. But it has 
the last fifteen years, and most of these reef fields | potential for providing some amount of recon- 
have been discovered more or less by chance. It is aissance or complementary detail information, 
very likely that the present day re merely the and it deserves more consideration than it has 
dawn of reef-oil history. received. To develop a satisfactory understanding 
The reflection seismograph has made appreci- of the problem, once in a while we have to put the 
able strides, but reef finding is still a highly un- old and new data in front of us and revise our 
certain problem. Gravity has been useful to some thinking, make some more deductions, and 
extent, but it has received too little research at- | Speculate some more. This is what the writer aims 
tention in the literature. Consequently, its out- to do in this paper. 
come has been vague and controversial. Is gravity In what follows, only the ‘true reefs’ of the 
an economical tool in reef finding? The answer  “‘isolated type” will be considered. The writer will 
usually depends on the person’s luck in the past. avoid, as much as possible, unnecessary repeti- 
If it is an economical tool, then what kind of tions of the geological and paleoecological infor- 


” 


anomalies do reefs produce? Basically many dif- mation that can be found elsewhere. 

ferent kinds. Can these anomaiies be recognized A reef complex is a rigid aggregate of rock, 
* Manuscript received by the Editor June 9, 1960. 

+ California Research Corporation, La Habra, California. Present address: A & M College of Texas, Geology and 
Geophysics, College Station, Texas. 
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mainly calcareous, composed of the remains of 
colonial and solitary fauna and flora of the sea 
bottom, which is built upward at a more rapid 
rate than the terrigenous sediments deposited 
about its margins, in defiance of the action of 
waves and currents. The result is a relatively rigid 
framework in the form of a mount or ridge, or an 
irregular mass, which presents considerable verti- 
cal prominence with steeply sloping margins. The 
reef, as defined in this paper, includes the central 
rigid core, and most of the reef-derived detritus 
around it. 

As far as the oil potentialities are concerned, 
the “isolated” type of reef is the most important. 
In what follows we shall confine ourselves to the 
isolated type, not only because this type has been 


proven to be the most important oil producer, but 


also because it lends itself to gravity prospecting 
in a less complicated way than the other reef 
types. A typical isolated reef is formed on shallow, 
submerged bottom. Enclosing sediments are 
generally uniform on all sides, with no appreciable 
back-reef facies immediately adjacent to the reef. 
This is a specific but not necessarily rare type. A 
reef archipelago is a group of isolated reefs. An 
atoll is a closed archipelago. 


CASE HISTORIES 


An extensive literature survey of the geo- 
physical and geological case histories was done. 
It included the following reef gravity surveys in 


the three major productive provinces: 


1. West Texas: North Wilkirson, 
Sharon Ridge Canyon, Jameson, Good, Eskota. 

2. The Great Lakes Region: Dawn 47-49, 
Dawn 59-85, Dawn 156, Weaver. 

3. Alberta: Leduc, Wizard Lake, Bonnie Glen, 
Glen Park, Westrose, Erskine. 

The data are too voluminous to present here. 


Snyder, 


However, a summary of the case histories is 
shown in Table I. 

The results of this literature survey can be sum- 
marized as follows: 

1. Reefs frequently show recognizable gravity 
anomalies which may be (a) a simple high, (b) a 
high with a negative rim around it, (c) a low with 
a positive tendency in the center, or (d) a simple 
low. Most frequently it is a high with a negative 
rim around it, like a “sombrero.” 

2. When the anomaly is of the sombrero type 
or a simple high, its intensity is of the order of 
+0.5 mg. This is than an allowable 
density contrast between the reef mass and the 


greater 


enclosing sediments could produce. What is more, 
a gravity high may be present even when the reef 
density is less than that of the enclosing sediments. 
Clayton (1951) reports that at North Snyder the 
cores show the reef is less dense than the sur- 
rounding shales. Yet the anomaly is +0.6 mg. 

3. The existence of a negative rim has so far not 
been satisfactorily explained, 

4. The gravity highs are too narrow to be 
generated by masses at specified reef depths. 

5. When the anomaly is of the sombrero type, 


TABLE I. REEF GRAVITY, AVERAGE CONDITIONS AND RESULTS IN THE THREE REGIONS 
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the width of the positive is of the order of the 

width of the reef, irrespective of the reef depth. 
6. The fre- 

quently located near the apexes of regional gravity 


local (residual) anomalies are 
highs. 

7. As far as West Texas is concerned, the reef 
bottoms are local positive reliefs. We have no such 
data for the other regions. 

8. Thinning and draping in the shales over and 
around the reefs are more than that indicated by 
conventional calculations of differential com- 
paction. 

9, Pohly (1953) reports that the dips shown for 
the beds above the reefs on seismic maps are often 
greater than those encountered in drilling. This 
may be considered as indirect evidence of a lateral 
increase in density over reefs, because a velocity 
increase is usually accompanied by a density 
increase. 

10. Either because of certain underlying causes, 
or merely because of world-wide abundance of 
shales, the surrounding regional formations are 
shales in most cases. 

11. The equivalent porosities in the reefs are 
estimated to be of the order of 12 percent. The 
main constituent of most reefs is calcium car- 
bonate. Consequently, the density is about 2.5. 

12. The 
hundred to about eight hundred feet, widths 3 to 
3 miles, and the known depths 2,000 to 7,000 ft. 


The slopes on the flanks may be up to 40 degrees. 


reef heights are from about one 


13. In view of the wide ranges of the observed 
reef geometries and anomaly types, it seems, at 
present, that there is no direct, evident relation 
between the reef mass specifications (depth, 
height, extent, density) and the gravity anomaly 
specifications (type, intensity, extent). Conse- 
quently, certain factors other than the reef mass 
play the major role. 


GEOLOGICAL CONSIDERATIONS 


The purpose of this section is to investigate the 
density distribution alone. However, the anoma- 
lous density distributions which are responsible for 
the reef gravity anomalies are closely related to 
the entire geologic history of the basin. One is 
forced to investigate, at least, the mechanism of 
the “reef ensemble” and its consequences in 
terms of structure and sedimentation. 

Isolated reefs were started in widely extending 


seas, on shallow submerged bottoms (less than 


about 25 fathoms for modern reefs). This obser- 
vation alone suggests that the reefs were rooted 
on broad, regional positive reliefs or near the slope 
breaks of shelves. Thus, reef gravity anomalies 
are expected frequently to be associated with 
broad gravity highs, as indicated by the case 
histories. 

Reefs seem to have no preference as to the bot- 
tom rocks, with the exception that they do not 
root on loose sand. Most frequently they are 
rooted on unconsolidated clay and calcareous 
muds. The deposition around the reef has to be 
much slower than the reef growth, because reefs 
can tolerate only a small volume of settling mud. 
Geologically speaking, the reef growth may be 
considered as very rapid. At the end of the growth 
the thickness of the surrounding sediments must 
be small compared with the reef thickness. This 
is to say, the reef is formed as though a large, 
rigid mass were located on the unconsolidated 
sediments of the sea bottom. Referring to Figure 
1, let us assume that a 500-foot-high reef having a 
density of 2.41 is laid on the fresh depositional 
surface of a 1,000-foot-thick basal shale resting 
on a rigid basement, and find out what the dif- 
ferential compaction processes will be. The calcu- 
lations will not be shown here due to the limita- 
tions in space, but the results are shown in Figure 
1. At the end of the reef growth (Figure 1A), the 
reef mass has sunk into the shale by 90 ft. 

Let us assume that further shale deposition 
starts after the reef growth has ceased, and that 
no concurrent deposition takes place over the reef 
top. By the time the depositional surface is even 
with the reef top, we find that the off-reef basal 
shale has shrunk to 935 ft. Thus the reef bottom 
is now 25 ft lower than the top of the basal shale 
(Figure 1B). Referring to Figure 1C, let us sup- 
pose still further deposition, both over and off the 
reef. Differential compaction continues, such that 
when the basal shale is at a depth of 4,650 ft, the 
reef bottom is even with the top of the basal shale. 
A marker that was laid horizontally, as in Figure 
1B, has developed an extra closure of 25 ft. If the 
reef top and the basal shale top had been one 
rigid surface all the time, the closure on the 
marker would have been 135 ft, and now it is 
160 ft. In case of further burial beyond the 
4,650-ft depth, the reef bottom becomes higher 
than the basal shale top. This process is equiva- 
lent to that in which the reef is uplifted likea salt 
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Fic. 1. Differential compaction at the reef bottom, 
and its effects on draping. 


dome. And this relative upward movement con- 
tinues as more sediments are deposited. The 
figures obtained above are somewhat conservative. 
The denser and thicker the reef, and the thicker 
the basal shale, the more pronounced the relative 
upward movement. 

What has been said above is substantiated by 
field observations. Known geologic sections show 
the excessive draping and thinning. Intricate 
fracturing observed in all parts of reefs may be 
caused by the aforementioned differential vertical 
movements. Faulting is observed in the pre-reef 
layers. Settling of the reef into the bottom and 
intricate deformation structures in the marginal 
beds are observed in outcropping small fossil reefs. 
Dips as steep as 30 degrees have been reported in 
limestones which lap against the reef flanks. 

The consequence of the mechanism described 
above is that a reef maintains a submarine topog- 
raphy for the entire duration of the sedimenta- 
tion; the relief of this topography does not die off, 


upwards in the sedimentary column, as early as 
that due to a common “buried hill.’”’ It is, more 
or less, a plateau type bottom topography which 
can appreciably affect the sedimentation espe- 
cially when the water is shallow. The sediments 
deposited over the summit are thus subject to 
greater agitation of water than those in the sur- 
roundings. The finer sediments are carried away 
from the reef, so that in the over-reef column 
there is a concentration of coarser material (sand). 
The bottom topography is reduced as the deposi- 
tion progresses, so does the lateral difference in 
the sediments. We do not have any quantitative 
data as to the sand distribution. However, 
regionally anomalous lenticular sand bodies right 
over reefs or over their slope breaks are common. 
Silt and sand concentrations over structures as- 
sociated with common “buried hills” are observed 
in the Gulf Coast and elsewhere. 

It will be shown in the following section that a 
sand distribution of this kind can create appre- 
ciable amounts of negative density contrasts in 
the layers near the reef top and positive contrasts 
in the shallower layers, and that it may be re- 
sponsible for the major part of the observed 
gravity anomalies. 


DENSITIES 


Let us consider, first, the regional densities, as 
if they were not influenced by any diastrophism 
and by the presence of a reef, and then bring out 
the contrast between the over-reef and the off- 
reef sections. We shall assume that mechanical 
compaction has reached the equilibrium condi- 
tion, and that the reversible part is negligible. 
Regional Densities 

Shales.—The geologic column is expected to 
include a large portion of shales, because about 
80 percent of all the sedimentary rock in the 
world is shale. What is more, the envelope for- 
mations are shales in the majority of the known 
cases. Consequently, the subject of densities in 
shales is of major importance. We shall consider 
shale as made of clay with an insignificant amount 
of grains (sand). 

It is well known that the mineral density of 
shales of different ages, localities, and depths dis- 
play small variations of the order of +0.05, and 
the average is close to 2.65. On this basis, the 
natural density (pore space filled with water of 
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density 1.04) is 
(1) ¢= 2105 — 


where P is porosity. It is also well known that the 
porosity is practically a function of gravitational 
compaction alone, and that it can satisfactorily 
be expressed in terms of maximum depth of burial 
alone. 

The that: BD. 
(1936) paper supplies the most reliable and com- 


writer believes Hedberg’s 


plete results so far published. Curve ‘‘a”’ of Figure 

2 is constructed on the basis of his actual porosity 

measurements and on equation (1). 
Sands.—Next let 


sand which contains no clay. Its grains are larger 


us consider a sandstone or 


than silt size. 


OENSITY, gm/cm> 
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| 


\ 


\ \ 


MAXIMUM DEPTH OF BURIAL, FEET 
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POROSITY, PER CENT 

Fic. 2. Density and porosity as functions of depth of 

burial in shales and sands. (Curve for shales is based 
on data published by Hedberg, 1936.) 


It is generally accepted that equation (1) is 
valid for all the rocks commonly occurring in sedi- 
mentary basins (clay, sand, lime). Then the 
porosity is always the governing factor. However, 
the porosity in sands cannot generally be pre- 
dicted from the depth of burial alone, mainly be- 
cause it depends largely on the degree of cementa- 
tion. 

Under normal conditions, that is, in the ab- 
sence of unusual cementation conditions, the 
porosity can be expressed, in a crude way, in 
terms of the maximum depth of burial alone, in- 
asmuch as the burial depth governs the ultimate 
pressure and temperature. 

Data in the literature indicate that porosity of 
sands at a depth of five hundred feet is about 0.35. 
Core samples from Louisiana! indicated that the 
porosity at about 9,000 ft depth is about 0.27 
(the data are shown by circles in Figure 4). This 
figure can be classified as that under normal con- 
ditions, because the samples contain less than one 
percent carbonate, and because the case repre- 
sents little more than gravitational compaction. 
Converting the two values of porosity into den- 
sities by equation (1), and interpolating (guessing) 
in between, we obtain the density vs. depth rela- 
tion, curve “‘b” of Figure 2. It is understood that 
there can be no generalized curve. This function, 
at best, must be represented by a band of which 
the lower boundary would indicate the minimum 
possible densities at various depths. Curve “‘b” 
of Figure 2 can be considered as one which is close 
to this lower boundary, with anticipated erratic 
density increases up to about 0.2. 

Clay and Sand Mixtures.—The problem be- 
comes more complicated when we turn to shaly 
sands and sandy shales with varying sand-to-clay 
ratios. The object is to construct a family of 
curves, or a surface, showing the a(S, D) func- 
tion, where @ is density, S is the ratio of void- 
free sand volume to void-free total volume, and 
D is the depth of maximum burial. We have seen 
above that, for sands and clays, the porosity, P, 
is related to density via equation (1). We shall 
determine the P(S, D) function first, and then 
convert it into a(S, D) by means of equation (1). 

It is understood that depth of burial and sand 
percentage are not the only factors, and that the 


1L. C. Bonham and D. Davis, personal communica- 
tion. 
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Fic. 3. Theoretical porosities in sand-clay mixtures as functions of composition and depth of burial. Each 
curve is related to the depth that is indicated on it, in feet. 


porosity function is different for every locality, 
even for identical original constituents. Here it is 
not our intention to come out with exact relations 
for certain basins. We simply want to know the 
general behavior and order of magnitude of 
density variations, so that we can form a line of 
thinking for gravity prospecting problems. 

The curves ‘‘a”’ and ‘“‘b” of Figure 2 supply the 
a(S, D) functions for the two limiting values of 
S, zero and one hundred. Let us assume that the 
sand grains in clay are merely replacing an equal 
volume of porous clay. In other words, all the 
voids between the sand grains are fully packed 


with clay which behaves according to curve 
This reasoning requires that the ratio of sand 
grain diameter to clay particle diameter be very 
large. Then, up to a certain critical composition, 
the porosity of the mixture is 


where P, is the clay porosity (decimal value). 
Equation (2) is valid for the range in which the 
value of P,, varies from P, to P.P;, where P, is 
the porosity of 100 percent sand. The sand ratio 
for =P-P;, minimum possible porosity, is 


3 So = 
1 — P.P, 


For sand ratios higher than So, the pore spaces of 
sand cannot be fully packed by clay, and the 
porosity of the mixture is 

P,+S-—1 


(4) 
Ss 


These equations are plotted for different depths 
in Figure 

In Figure 4, the circles are the data from 
Rapides Parish, Louisiana, from a depth range of 
8,202 to 10,277 ft. An approximate average of 
these circles is shown by the dashed line. The dot- 
dash line is the average of the same kind of data 
obtained by smoothing out the results for depths 
of 9,000 to 9,500 ft of Tensleep sandstones of 
Wyoming.’ On Figure 4 are also shown three 
curves of Figure 3 to compare the actual data 
with the theoretical curves. The deviation be- 
tween the two kinds is quite large, but it is ex- 
pected. The closeness between the Louisiana an] 
Wyoming curves is quite encouraging. For ihc 
reasons mentioned above, we shall assume that 
the Louisiana curve is a true representative ot 
gravitational compaction. It is reasonable to ex- 
pect that mixtures containing a small percentage 


2 The writer learned afterwards that a similar set of 
curves was constructed by Mr. A. E. Halteman (un- 
published). 

3L. C. Bonham, personal communication. 
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of sand should conform, more or less, to the full 
packing condition; the field data should follow 
the theoretical curves up to about 30 percent 
sand. The dashed line of Figure 4 is a compromise, 
for 9,000-ft depth, between the theoretical and 
actual values. Then the 500-ft depth curve has to 
be something like the dotted line. The curves 
shown in Figure 5 are drawn by interpolation. 
According to Figure 5, at any depth of burial 
(down to 10,000 ft), there is a certain sand per- 
centage that yields the maximum density. For 
higher sand percentages the density decreases 
rapidly. 
Limestones. 
depth function for limestones at present. Actual 


densities in the majority of cases are between 2.5 


There is no usable density vs. 


and 2.7. The mineral density (calcite) is 2.70. In 
this paper we shall assume a density of 2.6 for 
common limestones. 

Dolomites.—According to the published data, 
the natural density varies between 2.10 and 2.90, 
and it is about 2.80 for a typical dolomite. The 
mineral density is about 2.93. 


Local Densities and Contrasts 


Reef Mass. 


widely differing porosities. The porosity may 


Different parts of a reef may have 


range, within a reef, from a few percent up to 30 
percent. Very few data on average values are 


available. The only detailed study known to the 
writer was done in Scurry and Kent Counties of 
West Texas (Stafford, 1955). In this region the 
reefs are almost pure CaCOs, with two percent in- 
solubles on the average. The average effective 
porosity is 6 percent. Only an_ insignificant 
amount of it is of primary origin. Air permeability 
averages 4 millidarcys. These data indicate that 
the total (equivalent) porosity must be consid- 
erably higher, of the order of 10 to 15 percent. 

In the Leduc-Woodbend area, Alberta, the 
porosity is difficult to determine from the cores. 
The Alberta Oil and Natural Gas Conservation 
Board uses 10 to 13 percent effective porosity for 
the producing zones. 

We can conclude that the average total poros- 
ity is around 12 percent. On this basis, the density 
of a CaCOs reef is 2.50, and that of a dolomite 
reef is 2.70. 

According to Figure 2, the contrast between 
CaCO 3 reef surrounded by shale may be any- 
thing between +0.3 and —0.1. For a dolomite 
reef the corresponding figures are about +0.5 and 
+0.1. Thus, the extreme values must be about 
+0.5 and —0.1. 

Over-Reef Section. 
reef sediments are all uniform shale containing 5 
percent sand, and that the sand percentage varies 
in the over-reef section as shown in Figure 6A. On 


Let us suppose that the off- 
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Fic. 4. Measured porosities in sand-clay mixtures as functions of composition and depth of burial. Dashed line 
(based on circles): Louisiana data; dash-dot line: Wyoming data; dotted line: speculative. (Solid lines are the 
theoretical curves of Figure 3.) 
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Fic. 5. Densities and porosities in sand-clay mixtures as functions of composition and depth of 
burial; a compromise between theory and actual measurements; based on Figures 3 and 4. 


the basis of Figure 5, a density vs. depth curve is 
constructed for the off-reef section (Figure 6B, 
curve 1), and another one for the over-reef section 
(curve 2 of same figure). The density contrast 
between the off- and over-reef sections is shown 
in Figure 6C. 
GRAVITY ANOMALIES 
The foregoing sections provide explanations for 


the strange features of reef anomalies that were 


SURFACE 
T Td 


itemized in Cast Histrorirs. To crystallize the 
geologic concepts, we shall convert them into geo- 
physical figures; this will be done by construct- 
ing a hypothetical reef, and finding the gravity 
anomaly due to each component. 
The Hypothetical Reef 

Our hypothetical reef is a circular ‘‘pinnacle”’ 
type. Figure 7A is a geologic cross-section (along 
a radius) that also shows the history of deposition 
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Fic. 6. Densities in the over- and off-reef sections, and the density contrasts, for assumed sand distributions 
in the shales over and off the reef, from the surface down to the reef-top level. 
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and erosion. This reef is similar to those in the 
Midland Basin and in Alberta. The closures were 
calculated first on the basis of differential compac- 
tion alone, and then altered, in accordance with 
the case histories, to account for extra draping 
and thinning. The bottom is flat. Figure 7B is the 
corresponding simplified geologic section. The 
purpose of the simplification was merely to facili- 
tate the gravity calculations. The reef mass and 
the closures above it were reduced to horizontal 


circular discs. The actual volumes were assumed 


A- GEOLOGIC 
SECTION (HALF) 
PRESENT SURFACE 


B- SIMPLIFIED 
GEOLOGIC SECTION 


to be the averages of cones and cylinders of the 
same bases and heights. 

Figure 7C shows the assumed sand (grain) dis- 
tribution in the off- and over-reef sections of the 
overburden. 

Figure 8D shows the density vs. depth func- 
tions in the two sections. The procedure has al- 
ready been explained above. The reef density is 
2.50, and that of limestone 2.6. Figure 8E shows 
the density contrast. 

The anomalous mass distribution is represented 
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Fic. 7. The hypothetic reef. Structural and historical geology, and the assumed sand distribution. The reef 
is a circular “pinnacle” type, and the cross-section is along a radius. 
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by a pile of ten discs of different densities (con- 
trasts); they form a vertical cylinder between the 
surface of the earth and the reef bottom, as 
shown in Figure 8F. Ten gravity anomalies, one 
for each disc, were calculated by making use of 
the published solid-angle graphs for horizontal 
circular discs. 

The gravity calculation results are shown in 
Figure 9. The gravity effects are grouped into 
three components, namely those of the reef mass, 


O-DENSITY 
DISTRIBUTION 


E-DENSITY CONTRAST 
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the limestone layers, and the shale sections. The 
reef mass produces no anomaly. (This is not the 
result of a premeditated model, but a coinci- 
dence.) The total effect of the two limestone 
layers is a broad and weak negative (—0.015 mg) 
with a small positive in the center. The anomaly 
caused by the shale sections, which is due en- 
tirely to sand concentration, plays the major 
role (+0.4 mg central high and about —0.05 mg 
negative rim). 
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Fic. 8. The hypothetic reef. Densities, density contrasts, and anomalous masses based 
on the subsurface model of Figure 7. 
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The total anomaly, shown by the heavy curve 
in Figure 9, has the characteristics of the ob- 
served reef anomalies. Its form and intensity are 
much the same as those of an actual reef. The 
zero contour is close to the reef outline, just as is 
observed in the field. Obviously the width of the 
positive depends little on the reef depth. To sum 
it up, the outcome, which is in good agreement 
with the field observations, provides explana- 
tions for the peculiarities of reef anomalies item- 


ized in CASE HISTORIES. 


INTERPRETATION OF FIELD DATA 


It seems that the critical stage of gravity pros- 
pecting for reefs, at present, occurs before the 
process of geologic interpretation takes over. This 
is the stage of isolating the reef anomaly (residual 
or derivative) from the total gravity. 

We have seen that the negative rim is a poten- 
tial criterion for recognition of reef anomalies. 
Therefore, we should do our best to preserve it in 
the final residual with as little distortion as pos- 
sible. Those who are familiar with gravity work 
will recognize that this is an extremely difficult 
problem because the rim anomaly is weak, the 
central positive has a confusing effect, and the 
reef anomalies are frequently located near the 
apexes of regional gravity highs. The methods 
which can promise the highest degree of fidelity 
‘smoothers’ residuals” 


‘ 


are the graphical ones, the 
(Steenland, 1952). However, these methods are 
subject to the judgment of the worker, and fail 
when the nature of the regional is unfavorable. 

The second type of methods of isolating local 
anomalies is based on numerical treatment of 
points in regular arrays, the ‘‘gridding’’ type 
(Steenland, 1952). The center-point-and-one-ring 
residuals, and the second vertical derivatives are 
of this type. As far as the reef anomalies are con- 
cerned, these methods normally yield misleading 
results for the following reasons: 

1. Let us consider the anomaly of a horizontal 
disc-shaped excess mass. It has no negative part, 
yet the “gridding” methods yield a negative rim- 
anomaly and a narrower central high. In other 
words, these methods have a tendency to make 
“reef anomalies” out of every simple high. 

2. In practice, the role of the grid size is akin to 
that of a “band-pass” filter. If we set the filter to 
emphasize the central high, then the negative rim 
will loose its identity, and vice versa. However, 
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Fic. 9. Gravity anomaly due to the hypothetic reef. 


in spite of its drawbacks, the “‘gridding” method 
may sometimes be practical in qualitatively iso- 
lating reef anomalies to serve as guides, if the 
negative rim is brought out by means of a grid of 
small size, say 2,000-ft radius, in addition to the 
customary residual map obtained by a relatively 
large size grid. The small-grid map will be more 
reliable than the customary map in indicating the 
reef criterion (the true negative-rim); it will also 
approximately determine the width of the reef 
(width of the central positive). However, these 
“residuals” cannot be used for quantitative in- 
terpretation. 

Still another type of residual is that which is 
obtained by subtracting a “‘grid regional” (calcu- 
lated by means of orthogonal polynomials for 
instance) from the total gravity. This type of 
residual seems to be comparable to the “‘smooth- 
ers’ residuals’’; it would indicate the reef crite- 
rion, and be acceptable for quantitative interpre- 
tation. 

A somewhat quantitative interpretation can be 
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achieved, as one might expect, only by a trial-and- 
error method, by calculating the gravity effects of 
a number of carefully estimated “hypothetical” 
reefs. However, so long as the anomaly is mainly 
due to the grain distribution in the shales, one 
would be at a loss in assuming a realistic model. 


CONCLUSIONS 


True reefs of the isolated type frequently show 
recognizable gravity anomalies. Most frequently 
the anomaly is a positive, of the order of +0.5 
mg, with a true negative rim around it; the zero 
anomaly contour is usually close to the reef out- 
line. 

Generally speaking, no evident direct relation 
between reef specifications and gravity anomaly 
specifications can be expected. The main con- 
tribution of the reef itself to the anomaly lies not 
in its mass at present but in its very unusual orig- 
inal condition which influences the geologic proc- 
esses to come. The anomaly depends largely on 
what has happened after the reef was covered, 
and to some extent on the lithology of pre-reef 


formations. The major cause of the anomaly is 
probably the lateral variations of sand content in 


shales around and above it. 

These conclusions are encouraging in that we 
have the reasons to expect recognizable anomalies 
even though the reef mass itself may not represent 
a density contrast. They are discouraging, on the 
other hand, because they indicate that the prob- 
lem of quantitative interpretation of the gravity 
is to remain an uncertain task. 

Regional surveys to locate the “belts” favor- 
able to reef growth can be useful, but the poten- 
tiality of gravity surveys at present lies in pre- 
cise, detailed surveys to locate the isolated reefs 
in a known reef region or belt. 

Still another conclusion, although not related to 
reefs, is that one might expect appreciable gravity 
anomalies due to lithologic variations, such as 


where sandy shales grade into shaly sands. 
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AN EVALUATION OF THE GRAVITY CONTROL NETWORK 
IN NORTH AMERICA* 


BEHRENDTT G. P. WOOLLARD 


Abstract: Observations with a LaCoste and Romberg geodetic gravimeter having a very low nearly linear drift rate, 
a high reading precision, and a world wide range were made at approximately three hundred sites in order to check 
and extend the gravity control network in North America. The sites occupied were mostly at former gravimeter 
bases located at airports, harbors, universities, and pendulum stations. The instrument was calibrated against the 
North American standardization range of pendulum measurements from Paso de Cortes, Mexico, to Fairbanks, 
Alaska, using the weighted mean values of the observations established with the U. S. Coast and Geodetic Survey, 
Cambridge University (f#ngland), and Gulf-University of Wisconsin pendulum equipment. A statistical evaluation 
of the precision of the network based on reoccupations at 40 major control stations gives an estimated standard 
deviation of 0.08 mgal. The airport network of bases previously reported by Woollard (1958) that was established 
with high range Worden gravity meters was found to require a systematic correction of 0.3 mgal per 1,000 mgal 
change because of the difference in calibration standard used. The adjusted values for the forty airport stations 
reoccupied agree on the average to 0.2 mgal with the results of this study. The reoccupations of the old pendulum 
observation sites of the U. S. Coast and Geodetic Survey suggest that much of this network is in error by over 3 
mgals. Descriptions of sites occupied and the principal facts for position, elevation, observed gravity, and free-air 
and Bouguer anomalies are presented. 


INTRODUCTION the number of universities and research institu- 
The principal reason for the study here re- tions that seid carrying out gravity surveys of 
ported is that a new gravity map of the United various kinds in addition to those being = 
States is being prepared and much of the available = COMMECUON with oil exploration are steadily sa 
data is either ona floating datum or is based upon 
gravity control stations of questionable reliability. clude observations at as many of these places as 
In order to effectively integrate all of this material ‘YS feasible. 
an accurate re-check of as many gravity base With these objectives the program here re- 
; ; ported was carried out during the period from 


March through September of 1959 and observa- 
tions were made at three hundred gravity base 
sites in North America with LaCoste-Romberg 
geodetic meter No. 1. Figure 1 shows the locations 


stations as is possible is therefore desirable. Al- 
though Woollard (1958) presented results for an 
airport gravity control network in the United 
States, very few of the older gravity surveys have 
been adjusted to this network as vet. Furthermore 


it appeared the reliabuity of Woollard’s values © the observation points. 


could be improved somewhat as this work had 
been done with Worden geodetic gravimeters and 
was not believed to have an accuracy greater than 
+(0.3 mgal. Other factors that were considered in 
setting up the program were: (1) within the past 
two years the use of gravimeters on surface ships 
has been materially advanced and it is desirable to 
have base stations at harbors along the east and 
west coasts and the Great Lakes which can be 
used for control in future work of this type; (2) 


* Manuscript received by the Editor August 1, 1960. 
+ University of Wisconsin, Madison, Wisconsin. 


t University of Wisconsin, Madison, Wisconsin. 


REMARKS ON INSTRUMENTATION 


As indicated above Woollard’s airport network 
of gravity control bases had been established with 


Worden geodetic gravimeters and although this 
instrument prossesses the virtues of portability, 
temperature compensation and a high range, it 
suffers from a varying drift rate, frequent tares, 
occasional temperature shock, and is difficult to 
calibrate adequately for a precision greater than 
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Fic. 1. Location of observation sites used in 
evaluation survey. 
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0.2 mgal. With the development of the high range, 
high precision, low drift LaCoste-Romberg geo- 
detic gravimeter it was felt that an evaluation of 
gravity base stations in the United States to an 
accuracy of one-tenth of a milligal was obtainable. 
This instrument although it requires an ex- 
ternal power supply and must be maintained at 
constant temperature and is not as portable as the 
Worden meter, does have a very low, nearly con- 
stant linear drift rate, few tares, a 6,000 milligal 
range without resetting and a reading sensitivity ets 
of +5 microgals. For any study in which pre- 
cision is the first requisite, the advantages of the 
LaCoste-Romberg instrument far outweigh its 
disadvantages. 


PREVIOUS EVALUATIONS OF GRAVITY CONTROL 
IN THE UNITED STATES 


Many gravity surveys in the past have been 
based upon the values of gravity at the thousand- 
odd pendulum stations established by the U. S. 
Coast and Geodetic Survey (Duerksen, 1949) 
throughout the United States. Previous evalua 
tions of these bases by Ferris (1943) and Woollard 
et al. (1955) showed that some of these stations 


values are in error by 10 mgals or more and many 


TABLE I. 


RESULTS ON NoRTH AMERICAN STANDARDIZATION RANGE 


Gravimeter 
Determinations 


3. Madison, Wis. 980 . 3686 


1 Lamont Geological Observatory 980.2596 


n=number of observations. 
* Estimated standard deviation. 


Weighted Mean Estimated 


Estimated 
Standard n of Pendulum — Standard n 
Error Determinations Error 
Igals base . 3689 gals 06mg! 13 


assumed 


105 Pt. Barrow, Alaska 982.6997 0.08* mgl 1 .6998 32 3 
27 “Fairbanks (Ladd), Alaska 982.2444 0.05 2445 6 
26 Whitehorse, Canada 981.7486 0.08* 1 .7493 .28 7 
29 Fort St. John, Can. 981.4059 0.08* 1 .4063 .34 5 
25. Edmonton, Can. 981.1678 0.02 5 . 1681 24 12 
32 Calgary, Can. 980.8281 0.08* 1 8283 .36 3 
34 Cut Bank, Mont. 980.6085 0.08* 1 .6083 

4 Great Falls, Mont. 980.5270 0.05 2 .5265 25 7 
35 Billings, Mont. 980.3710 0.05 2 .3707 .36 3 
52 Beloit, Kan. 979.9978 0.05 2 8 
51 Tulsa, Okla. 979.7663 0.05 4 .7655 .24 5 
i8 Houston, Texas 979 . 2983 0.10 2 . 2982 .20 9 
21 Monterrey, Mex. 978.8055 3 7 
19 Mexico City (Tac), Mex. 977 .9419 0.01 3 9421 .19 7 
42 Paso de Cortes, Mex. 977.5711 0.08* 1 Bh ¥-4 38 2 

Other Pendulum Stations Established with Gulf-Wisconsin Pendulums 

337. Washington, D. C. 

Comm. vault on floor 980.1188 0.08* 1 .1187 00 12 

2 Washington, D. C. 

Carnegie Institute 980. 1006 0.00 2 . 1006 .03 12 
0.08* 1 2593 5 
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as much as three to four milligals. Therefore, one 
purpose of the present study was to spot check 
this gravity control network. Although a syste- 
matic re-check of the entire network is being made 
by the U. S. Coast and Geodetic Survey, this will 
require several years to complete. 

The other gravity control network already 
referred to, is that established by Woollard (1958) 
at the airports throughout the United States. Al- 
though these stations are believed to have a re 
liability greater than 0.5 mgal it was felt desirable 
to both spot check these stations and to expand 
this network with the more accurate LaCoste- 
Romberg gravimeter. 


STANDARDIZATION OF GRAVIMETER USED 


The calibration of LaCoste-Romberg geodetic 
meter No. 1, was established by reoccupying key 
pendulum North American 
gravity standardization range of pendulum meas- 


stations on the 


urements between Paso de Cortes, Mexico, and 
Fairbanks, Alaska (Woollard, Rose and Bonini, 
1956). Observations were made on a repeat basis 
ona closed loop. The gravity values used for these 
based 


standardization stations are 


upon the 
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weighted means of the observations made with 
the U. S. Coast and Geodetic Survey, Cambridge 
University (England) and Gulf-University of 
Wisconsin sets of pendulum apparatus (Rose and 
Woollard in preparation for publication). Al- 
though any one set of observations made by the 
various groups could be the most accurate, the 
use of the weighted mean values for all three 
groups is the least subjective approach in estab- 
lishing the value for these bases. As the response 
curve of the LaCoste-Romberg instrument had 
been determined in the laboratory by the manu- 
facturer the observations could be fitted to the 
pendulum values as a linear function. 

Table I (see Appendix) is a comparison between 
the gravimeter and the pendulum results for the 
stations occupied. This table also shows the esti- 
mated standard errors and number of observations 
in each case. Figure 2A is a plot of the difference 
in gravimeter and pendulum values. Zero ordinate 
defines the calibration factor that gives the best 
fit and is based upon a least square adjustment 
between the gravimeter values and the weighted 
means of the pendulum results. Figure 2B shows 


the uncertainty in the pendulum values. As is 
| 
30 be, O 45 50 5 
DAYS 


Fic. 3. Drift curve for LaCoste-Romberg geodetic meter 1. 
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TaBLe IT. Gravity RESULTS AT 
Matin CONTROL STATIONS 


Location 


Fairbanks AP 
Fairbanks PS 
Edmonton AP 
Port Angeles AP 
Everett PS 
Seattle AP 

Great Falls AP 
Great Falls PS 
Billings PS 
Madison PS 
Cambridge PS 
AFCRC (Bedford) 
New York (Col. U.) 
New York (LaGuardia) 
Chicago (Midway) 
Chicago (U.C.) 
Washington, D. C. AP 
Pittsburgh AP 
Beloit, Kansas PS 
Kansas City, Mo., AP 
Tulsa AP 

Tulsa PS 

San Francisco AP 
Salt Lake City AP 
Blacksburg VPI 
Knoxville AP 
Chattanooga AP 
Casper AP 

Golden CSM 

Ft. Worth AP 
Atlanta AP 

Dallas AP 

Austin L&R 
Austin AP 

Denver AP 

San Antonio AP 
Houston PS 
Houston AP 
Monterrey AP 
Mexico City AP 
Mexico City (Tac) 


982.2464 gal 
9R2. 


981 
980 
980 
980 


980. 
980. 


980 
980 
980 
980 
980 
980 


980, 
980. 
980, 


980 
979 


979. 


979 


979, 


979 
979 
979 
979 


2444 
86040 
7807 
7765 
§137 
5270 
3710 
3089 
4011 
3942 
2689 
2825 
2864 
2858 
1088 
0993 
9978 
9998 
7766 
7663 
9883 
8070 
7324 
7032 
6505 
5842 
$934 
.5205 
2849 
2889 
1973 
. 2983 
2932 


8617 


7.9701 
;.9419 


G Mean value corrected for earth tide 
n Number of observations 


WN 


= 


3 
4 
) 
) 
2 
3 
4 
3 
3 


Estimated 
Standard 
Error 


0.06 mgl 
0.05 
0.05 
0.05 
0.00 
0.00 
0.01 
0.05 
0.05 
station 
0.00 
0.00 
0.00 
0.00 
0.01 
0.05 
0.00 
0.00 
0.05 
0.05 
0.05 
0.05 
0.05 
0.00 
0.00 
0.10 
0.00 
0.05 
0.05 
0.05 
0.00 
0.04 
0.00 
0.00 
0.01 
0.05 
0.05 
0.00 
0.06 
0.00 
0.01 


seen in Table I the value for Tulsa shows a dis- 
crepancy of 0.8 mgal whereas all of the rest of 
the stations agree to about 0.3 mgal. The dis- 
crepancy at Tulsa is probably related to the fact 
that an exact reoccupation of the pendulum ob- 
servation site could not be effected with the gravi- 
meter. The standard deviation for the gravimeter 
observations used in establishing the calibration 
factor for the meter is 0.08 mgal. The 95 percent 
confidence limits for any one of the stations based 
on 16 degrees of freedom is +0.14 mgal. 
SURVEY AND REDUCTION PROCEDURE 

For general control over the country a network 
of stations was established by air travel at forty 
sites. These bases served as control for stations 
occupied using ground transport and each was 
occupied from two to nine times. Earth tide cor- 
rections were made using the tables prepared by 
the European Association of Exploration Geo- 
physicists. The correction for instrument drift 
after allowing for earth tide effects averaged about 
one-tenth of a milligal per week. Figure 3 shows a 
typical drift curve for one section of the trip. The 
values of gravity for each site were based upon the 
observed differences from the pendulum base sta- 
tion at the University of Wisconsin (980.3689 
gals) based upon the ties made by Woollard 
(1948) to seven international gravity bases tied 
directly to Potsdam. 


Fic. 4. Comparison of Woollard (1958) Worden meter values at airports with 
LaCoste-Romberg geodetic meter 1 results. 
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Table II (see Appendix) presents the results for 
the network of forty control stations. These were 
occupied on several different ‘‘trips” but owing to 
the high repeatability of the meter could be 
analyzed together statistically. The estimated 
standard deviation for the group is 0.08 mgals. 
The 95 percent confidence limits for any one of 
the stations in the control group is +0.13 mgals 
based on 14 degrees of freedom. 


RESULTS OF PROGRAM 


A breakdown on the observations in terms of 
locations is as follows: 
111 Airport Stations 
50 Universities and Institution Stations 
61 Pendulum Stations 
32 Harbor Stations (Great Lakes, Atlantic, Pacitic, 
and Arctic Coasts) 


Tables III through VI in the appendix give the 
station descriptions and observed gravity values 
for each of the above groups of stations. Tables 
VII and VIII present the principal facts, latitude, 
longitude, elevation, observed gravity, free-air 
anomaly and Bouguer anomaly for a density of 
2.67 gm/cc for all sites where reliable location and 
elevation data are available. 


COMPARISONS WITH PREVIOUS VALUES 


In Table TX the values obtained on the present 
study are compared with those established at air- 
ports by Woollard (1958) using Worden gravime- 
ters, and in Figure 4 the difference in values is 
plotted as a function of the absolute gravity value. 
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As seen in Figure 4 the values appear to differ in 
a systematic manner with change in gravity in- 
dicating a difference in calibration standard. This 
can be accounted for by the fact that the calibra- 
tion used by Woollard was based upon the pre- 
liminary values for the Gulf-University of Wis- 
consin pendulum results, only, on the North 
American If Woollard’s 
results are adjusted for the apparent difference in 
calibration of 0.35 mgal per 1,000 mgal change, 
the two sets of values are brought into substantial 


standardization range. 


agreement. Except for two sites, Burlington, Vt., 
and Medford, Oregon, the two sets of data agree 
on the average to 0.2 mgal which is within the 
limit of +0.3 mgal originally claimed by Wool- 
lard. The discrepancy at Burlington, Vt., appears 
to have been a poor reading by Woollard, and at 
Medford, Ore., there is some question as to 
whether identical sites were used as the airport 
terminal had been rebuilt during the intervening 
period, 

In Table X revised values and principal facts 
are given for all of the airport network bases 
originally reported by Woollard (1959) that were 
not reoccupied in the present study. This table 
and Tables III] and VII are believed to provide 
reliable control on an absolute basis at airports 
throughout the United States 
Canada and Mexico. 


and parts of 


COMPARISONS AT USC&GS PENDULUM STATIONS 


In Table XI comparative values at the U. S. 
Coast and Geodetic stations occupied are listed 


ADJUSTED | 
BASE LINE 


GALS 


Fic. 5. Comparison of U. S. Coast and Geodetic Survey pendulum values with LaCoste-Romberg 
Geodetic meter 1 results adjusted to a common base. 
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WA 129 


WA 130 
WA 131 
WA 132 


Station 


Birmingham, Ala. 
Mobile, Ala. 
Fairbanks, Alaska 
Pt. Barrow, Alaska 
Umiat, Alaska 

Los Angeles, Calif. 
Monterey, Calif. 
San Diego, Calif. 


San Francisco, Calif. 
San Francisco, Calif. 


Santa Barbara, Calif. 


Denver, Colo. 
Denver, Colo. 
Kremling, Colo. 
New Haven, Conn. 
Wilmington, Del. 
Washington, D. C. 


Washington, D. C. 
Jacksonville, Fla. 
Pensacola, Fla. 
Tallahassee, Fla. 
Atlanta, Ga. 
Atlanta, Ga. 
Savannah, Ga. 
Coeur d’Alene, Idaho 
Chicago, Ill. 
Indianapolis, Ind. 
W. Lafayette, Ind. 


Beloit, Kan. 


Kansas City, Kan. 
Wichita, Kan. 
Lexington, Ky. 
Baton Rouge, 
New Orleans, 

New Orleans, 
Portland, Me. 
Baltimore, Md. 
Bedford, Mass. 


Boston, Mass. 
Boston, Mass. 
Detroit, Mich. 
Lansing, Mich. 
Minneapolis, Minn. 
Meridian, Miss. 
Kansas City, Mo. 
St. Louis, Mo. 
Billings, Mont. 
Billings, Mont. 
Butte, Mont. 
Great Falls, Mont. 
Cut Bank, Mont. 
Lewistown, Mont. 
Missoula, Mont. 
Las Vegas, Nev. 
Reno, Nev. 


Albuquerque, N. M. 
Santa Fe, N. M. 


New York, LaGuardia 


Station Description 


Barrier Gate 5. 

Barrier Gate 2. 

Lobby at E I beam. 

In front of entrance to terminal. 

On runway at edge of field. 

United terminal at street exit in lobby, left of door. 

Sidewalk curb in front of E front entrance to terminal. 

Inside terminal lobby at middle door to street, at right side 
(facing out). 

Gate 23. 

Curb ground level, main entrance to terminal opposite 2nd 
pillar from south. 

At street curb in front of right hand arch to terminal facing 
terminal. 

Gate 2. 

Gate 6. 

SW corner at hangar, at BM K297 USC&GS. 

Exit to field at barrier. 

On curb in front of east exit to street. 

Field level, field side of terminal, EAL air freight entrance, at 
Baggage Gate 6. 

Upper street level, northern doors, center on sidewalk. 

Gate 6 and 7. 

Barrier, Gate 3. 

End of left hand (facing field), concourse, under arcade. 

East concourse, Gate 1, (old terminal). 

West concourse, Gate 1, (old terminal). 

Gate 2, field level. 

Onconcrete platform in front of street entrance to terminal lobby. 

Midway, North Central Airlines terminal at water cooler. 

Gate 5. 

Purdue Univ. Airport, terminal waiting room, in corner, oppo- 
site door to field. 

In front of aluminum hangar at Phillips gas pump on concrete 
base of pump. 

At street entrance to terminal on side valk, next to steps. 

Gate 3. 

Gate 3. 

Gate 1. 

On sidewalk at curb in front of entrance to terminal. 

Moisant Airport, Gate 5 at barrier. 

Inside terminal against N. wall E. of insurance machine. 

Terminal street entrance, lower level, on curb against W. wall. 

Hanscom Field, at Gate 2 to base, Bldg. 1101, outside door to 
Provost Marshall’s Office, next to phone booth. 

Near Gate 17, in AA outbound baggage room. 

Gate 19. 

Willow Run Airport, Gate 17, blue concourse. 

Transient gate, field level (gate at NE corner of barrier). 

Gate 1. 

New terminal airport, by sewer at north end of barrier on field. 

Street entrance to terminal against building on sidewalk. 

Gate 17 

West wall of Hangar No. 2, 7 ft N of door end. (Pend. Sta.) 

Barrier, Gate 6, new terminal. 

At barrier gate to terminal. 

Western Airlines desk in terminal. 

Field door of customs inspection room. 

50 ft out on apron from barrier. 

Inside terminal lobby at right of exit to field. 

Center point in terminal lobby. 

N field entrance to U. S. Weather Bureau Building at foot of 
steps. 

Barrier, Gate 2. 

At right of terminal entrance from field. 

Lower lobby at P.O. counter. 


(Continued on next page) 
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Gra 


979. 
979. 
982. 
982. 
982. 
979. 
979. 
979. 


979. 
979. 


979. 


979. 
979. 
979. 
980. 
980. 
980. 


980. 
979. 
979 
979 
979. 
979. 
979. 
980. 
980. 
980. 
980. 


980 


980. 
979 
979. 
979. 
979. 
979 
980 
980. 
980. 


980. 
980. 
980. 
980. 
980. 
979. 
979. 
980. 
980. 
980. 
980. 
980. 
980. 
980. 
980. 
979. 
979 
979. 
979. 
980. 


5390 
3396 
2464 
6997 
5444 
5946 
8692 
5369 


9883 
9885 


6407 


6335 
6327 
4903 
3125 
1757 


1098 


1088 
3856 


. 3630 


5205 
5203 
4980 
6387 
2864 
0933 
1469 


0010 


8988 
3637 
3312 


. 3298 
.5126 


1104 
3942 


4036 
4036 
3188 
3518 
5950 
4840 
9998 
0043 
3710 
3717 
1744 
5137 
6085 
4510 
4440 
6049 


2081 
1974 
2825 


TABLE ITI. L&R Geopetic No. 1 Arrport Gravity BAsE STATIONS 
WA 81 
WA 82 
WA 279 
WA 281 
WA 83 
WA 84 
WA 85 
WA 86 
WA 89 
WA 90 
WA 91 
WA 92 
J WA 93 
WA 8 
WA 94 
WA 95 
WA 96 a 
WA 97 
WA 98 
WA 99 
WA 100 
WA 101 
WA 102 ot 
WA 103 
WA 106 
WA 107 
WA 108 
WA 109 
WA 110 
WA 111 
WA 112 ae 
WA 114 
WA 115 
WA 116 
WA 117 
WA 118 
WA 119 
WA 120 
WA 121 
GW 35 
WA 122 7 
WA 123 q 
WA 124 
WA 125 i 
WA 126 
WA 127 
WA 128 : 


= 


nn 


~ 


"A 166 


"A 167 


Ui 


GW 

WA 183 
WA 184 
WA 185 
WA 186 
WA 187 
WA 188 
WA 189 


WA 190 


¥ 
Station 


New York, Idlewild 
Syracuse, N. 
Cincinnati, Ohio 
Cincinnati, Ohio 
Cleveland, Ohio 
Columbus, Ohio 
Tulsa, Ola.‘ 
Eugene, Ore. 
Medford, Ore. 
Portland, Ore, 
Portland, Ore. 
Philadelphia, Pa. 
Pittsburgh, Pa. 
Providence, R. I. 
Charleston, S. C. 


Charleston, S. C. 


Chattanooga, Tenn. 
Knoxville, Tenn. 
Austin, Texas 
Brownsville, Texas 
Corpus Christi, Texas 
Dallas, Texas 

El Paso, Texas 

Fort Worth, Texas 
Galveston, Texas 
Houston, Texas 
Houston, Texas 
Laredo, Texas 

San Antonio, Texas 
San Antonio, Texas 
Salt Lake City, Utah 
Vernal, Utah 


Burlington, Vt. 
Norfolk, Va. 


Norfolk, Va. 
Roanoke, Va. 

Port Angeles, Wash. 
Seattle, Wash. 
Seattle, Wash. 
Seattle, Wash. 
Spokane, Wash. 
Charleston, W. Va. 
Janesville-Beloit, Wis. 
Milwaukee, Wis. 
Casper, Wyo. 
Cheyenne, Wyo. 
Sheridan, Wyo. 
Calgary, Alberta, Can. 


Edmonton, Alberta, Can. 


Ft. Nelson, B.C. Can. 
Ft. St. John, B.C. Can. 


Grande Prairie, Alb., 
Lethbridge, Alb., Can. 
Quebec, Que., Can. 


Vancouver, B.C., Can. 


Watson Lake, Y.T., 


Monterrey, N.L., Mex. 


Can. 


Can. 
Whitehorse, Y.T., Can. 
Mexico City, D.F., Mex. 


TABLE IIT. (Continued) 
Station Description 


Opposite entrance to customs in new terminal. 

Barrier, Gate 2. 

In front of terminal, 4 ft from N end of walk on flag circle, in road. 

Gate 3. 

Gate 6 to field. 

New terminal, Gate B1, field level. 

Gate 3. 

Beneath marquee at terminal lobby entrance. 

Under marquee opposite Gate 3 at left of door. 

In lower lobby at right of doors to street at wall. 

Old terminal, under marquee at NE corner of curb. 

Main entrance, at curb, opposite easternmost of doors. 

Gate 9. 

Gate 3 at barrier. 

MATS terminal, processing room, against window wall, 2 ft 
from counter—-same bldg. as U. S. Customs. 

Municipal Airport at USC&GS BM, on porch field side of ter 
minal. 

Street entrance to terminal on sidewalk at curb. 

Gate 1 at southernmost barrier. 

Next to terminal on concrete at Gate 1 

Barrier, Gate 1 (on concrete). 

Barrier, Gate 2. 

Gate 11. 

Terminal lobby entrance at pillar beneath marquee. 

Gate 11, on sidewalk by sewer. 

Gate 2. 

Gate 9, inside terminal. 

Gate 7. 

Terminal street entrance, field level. 

American Airlines street exit. 

Gate 8. 

Inside terminal at door to S concourse against E wall 

225 feet E of entrance to field and 90 ft S of section line rd, in 
open field. 

Gate 2, barrier. 

New terminal, street entrance to termina! on sidewalk at curb 
opposite center of main door. 

Old station at eastern edge of 2 Piedmont hangars. 

On sidewalk in front of terminal, NW end of walk at curb. 

At 6 ft N of NE corner of base of control tower. 

Gate 5. 

Gate 3. Inside entrance against N wall. 

At curb E end of walk from flag. 

Terminal lobby in front of fireplace. 

Barrier, Gate 6. 

Rock County Airport at gate. 

Gate 16, field level. 

Gate 3. 

Center gate of harrier. 

Central gate in field barrier. 

At entrance to parking lot inside both doors. 

Against radiator at CPA counter. 

Next to entrance of terminal at field. 

Center basement room of terminal, in SE corner (pendulum 
station). 

At edge of concrete in front of terminal. 
At foot of ladder to control tower on hangar E of customs. 
On apron at edge of field opposite S end of terminal building 
(about 50 ft S of S field entrance to terminal) field level. 
Terminal across from TCA desk, against wall (street side) at 
electrical outlet. 

Inside passenger waiting room, SE corner. 

PAA desk next to radiator. 

In corner of waiting room for incoming passengers against glass 
outside wall and glass partition. 

On curb at entrance to AA terminal at Inst. Geofisico Mark. 


Obs. 
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980. 
980. 


2261 
3968 


979 .9935 


979. 
980. 
980 
979 
980. 
980, 
980. 
980. 
980. 
980 
980. 
979. 


979. 


979. 
979. 
979. 
979. 
979. 
979 
979 
979 
979, 
979 


979. 
979. 
979, 


979. 
979 
979 


980. 
979. 


979. 
979 


980. 
980. 
980. 
980. 
979. 
980. 
980. 
979. 
979, 
980. 
980 
981. 
981. 
981. 


981. 
980. 
980. 
980. 
981. 
981. 
977. 


978. 


9931 
2322 


.0791 
.7766 


5148 
2375 
6483 
6477 
1976 


3139 
5074 


5668 


6505 
7032 
2889 
0509 
1430 


.O814 
4934 


2696 


2933 


2932 
0792 
1973 
1975 


. 6686 


5181 
8789 


8788 


.8076 
980. 


8640 
7765 
7765 
7765 
6463 
9259 
3303 
3597 
9562 
7008 
2266 


.8288 


1729 
6930 
4059 


3158 
7538 
7405 


9299 
7141 
7487 
9701 


8617 


WA 133 
WA 136 
WA 138 
WA 140 
WA 141 
WA 142 
WA 143 
WA 144 
WA 145 
WA 146 
WA1 
WA il 
WA! 
WAI 
WA1 
WA1 
WA1 
WA1 
WA1 
WA1 
WA1 
WA 160 
WA 162 
WA 163 
WA 164 
WA 165 
— 
WA 168 
WA 169 
WA 170 
WA1 
WA1 
WA1 
WA1 
WAI 
WA1 
WA1 
WA 180 
WA 18) 
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TABLE IV. UNiversity GRAvity BASE STATIONS 


Obs. 


Station Station Description 
sravity 
U 1119 Tuscaloosa, Ala. Univ. of Alabama, U 1119, at USC&GS mark in open area, 186 {ft 979.5598 
N, 85 ft W from NW corner of Chemistry Bldg. 
GW 6. Fairbanks, Alaska Univ. of Alaska, Geophysical Inst., at rear of bldg. just inside 982.2462 
door from loading platform. zy 
WU 1. Berkeley, Calif. Univ. of California, Sather Tower, E side of street, next to side- 979.9704 7 
walk against S abutment of wall around square. ss 
WU 2. Los Angeles, Calif. U.C.L.A., Chemistry-Geology Bldg., at center of doors to Room 979.5292 : 
1275. 
WU 3° Palo Alto, Calif. Stanford Univ., Lloyd Noble Laboratory for Geophysics, at rear 979.9489 
a entrance to N wing of bldg., at door stop for W door. i 
WU 4. Pasadena, Calif. California Institute of Technology, Mudd Hall, SW corner at top 979.5785 
of steps. 4 
WU 5. San Diego, Calif. Institute of Oceanography, (Scripps) Naval Electronics Labora- 979.5502 _ 
tory, Marine Physical Lab., Post No. 5, gate house, outside of ; 
NW corner of bldg. on concrete at edge of asphalt street. 
WU 6 Boulder, Colo. Univ. of Colorado, E entrance to Geology Bldg., on sidewalk at 979.6193 


curb. 
U 1078 Colorado Springs, Colo. — Colorado College, Washburn Athletic Field, 160 ft N along road 979.4931 
from NW gate. 


GW 39 Denver, Colo. Chamberlin Observatory, N entrance to basement, at foot of steps 979.6114 
WU 7. Golden, Colo. Colorado School of Mines, on curb in front of Geology-Geophys- 979.5842 


ics Science Bldg., Berthoud Hall, in line with center of front 
door, Illinois Street entrance. 


i WU 8 New Haven, Conn. Vale Univ., Sloan Physics Laboratory, westernmost of two en- 980.3163 
1 trances on north side, on walk at edge of drive. 
WU 9 Atlanta, Ga. Georgia School of Technology, Mechanical Engineering Bldg., N 979.5286 
end in drive on sidewalk next to manhole, E side of bldg. 
U 36) Chicago, Il. Univ. of Chicago, 40 ft NE of NE corner Ryerson Physical Lab. 980.2858 
on sidewalk next to curb of street. About lower than Ist floor. 
WU 10°) South Bend, Ind. Notre Dame Univ., in parking area south of Engineering Bldg., 980.2547 
at sidewalk leading to E end bldg., about 20 ft S of line of posts. “i 
WA 103 West Lafayette, Ind. Purdue Univ., airport, terminal waiting room, in corner opposite 980.1469 
door to field. 
WU 11.) West Lafayette, Ind. Purdue Univ., Chemistry and Meteorology Bldg. entrance to 980.1456 es 
Room 4. 
WU 12 Orone, Me. Univ. of Maine, N side entrance to Boardman Hall (Engineer- 980.6063 ‘ 


ing) 2 ft N of center of doors on step about 6 inches above 


ground level. 
WA 113. Bedford, Mass. Air Force Cambridge Research Center, Hanscom Field, at Gate 2 980.3942 a 
to base, Bldg. 1101, outside Provost Marshall's Office, next to r 
phone booth. 7 
WU 13 Boston, Mass. Massachusetts Institute of Technology, Bldg. 24, SE corner of 980.4002 
sidewalk at curb of N-S St. 
WU 14 Cambridge, Mass. Harvard Univ. Observatory, (Garden St.) on flagstone terrace at 980.4003 
south entrance against E end of steps to door. 
WU 15 Woods Hole, Mass. Woods Hole Oceanographic Institute, at street entrance. 980.3271 j 
WU 16) Ann Arbor, Mich. Univ. of Michigan, at south end of parking lot just east of Nat- 980.3131 | 
ural Science Bldg., at base of flag mast, at BM (USC&GS 1934). 
. WU 17. East Lansing, Mich. Michigan State Univ., Physics and Math. Bldg., at curb in front 980.3498 
of main entrance. 
WU 18 Chapel Hill, N. C. Univ. of North Carolina, new (Geology) East Hall main (south) 979.8184 ! 
entrance, on lower of two steps. . 
GW 78 Princeton, N. J. Princeton Univ., Guyot Hall, Room 14. 980.1776 : 
U 764 Albuquerque, N. M. Univ. of New Mexico, Administration Bldg., 52 ft N of S wall 979.2232 > 
and 40 ft E of E wall. 7 
WU 19 Socorro, N. M. New Mexico Institute of Mining & Technology, NW corner of 979.1856 _ 
Geophysical Research Lab., at inside corner of two sidewalks, _ 
at BM R222. : 
WU 20 New York, N. Y. Columbia Univ., Schermerhorn Hall, sidewalk outside of hall by 980.2689 ‘ 
large green door on Amsterdam Ave. across from 118th St. : 
corner. 
GW 1. Palisades, N. Y. Lamont Geological Observatory, gravity room in basement. 980.2596 
WU 21 Syracuse, N. Y. Syracuse Univ., at corner about 100 ft N of Steele Hall, on side- 980.3817 
walk, at curb, 10 ft N of boulder marking tree commemorating e 
birth of Mme. Marie Sklodowska Curie. <i 


(Continued on next page) 
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WU 


WU 
GW 
WU 


GW 


Station 


Columbus, Ohio 
Columbus, Ohio 
Tulsa, Okla. 
Tulsa, Okla. 
Philadelphia, Pa. 
State College, Pa. 
Knoxville, Tenn. 


Houston, Texas 


Salt Lake City, Utah 
Salt Lake City, Utah 
Burlington, Vt. 
Blacksburg, Va. 
Seattle, Wash. 
Madison, Wis. 
Madison, Wis. 
Lawrence, Kan. 
Lawrence, Kan. 


Emory, Ga. 
Emory, Ga. 


Knoxville, Tenn. 


Edmonton, Alberta, Can. 


Mexico City, D.F., Mex. 


Mexico City, D.F., Mex. 


Monterrey, N.L., Mex. 


Austin, Texas 


and in Figure 5 the differences are plotted as a 
function of change in gravity. As the datum value 
used by the U. S. Coast and Geodetic Survey is 
0.8 mgal lower than that adopted by the writers, 
the values cited for the present study should 
average this amount higher than those given by 
Duerksen (1948). All comparisons are for the ob- 
servation sites used by the U. S. Coast and Geo- 
detic Survey. Although in some instances exact 
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TABLE IV. (Continued) 
Station Description 


Ohio State Univ., Research Center, main gate on sidewalk beside 
guard-house. 


Ohio State Univ., Bldg. 24, Hardin Rd., washroom under S window. 


Tulsa Univ., Phillips Engineering Bldg., Room 7A, back wall 
against radiator, 28 ft from front of bldg. and 8 ft W of E wall. 
(pend. sta.) 

Tulsa Univ., at E front entrance to Phillips Engineering Bldg. 

Univ. of Pennsylvania, Franklin Stadium, at brass disk in brick 
wall at N corner of field. (pend. sta.) 

Pa. State Univ., State College, at curb (street level) in front of 
main entrance to Mineral Sciences Bldg. 

Univ. of Tennessee, Ayers Hall, main entrance on flagpole side, 
on concrete center of entrance. 

Rice Univ., Physics Bldg., parking lot, on concrete platform 
(ground level) for nitrogen generator, 6 ft E of W edge of con- 
crete at edge of asphalt. 

Univ. of Utah, Mines Building, center entrance on E side of side- 
walk at road. 

Liberty Park, under large tree used as base station by Univ. of 
Utah Geophysics Dept. 

Univ. of Vermont, Williams Science Hall, at main entrance to 
bldg., on walk at center of entrance against lower step. 

Virginia Polytech. Institute, Holden Hall (Geology) on curb of 
walk to main entrance three short flights of steps below main 
entrance, about 100 ft SE of and on center line of main entrance. 

Univ. of Washington, Johnson Hall, Room B1. 

Univ. of Wisconsin, Science Hall, entrance to Room 40. 

Univ. of Wisconsin, Geophysics Research Center, 2544 Univer- 
sity Ave., at front door. 

University of Kansas, Lindley Hall, on first step outside north- 
east entrance on left end of step facing door. 

University of Kansas, Hoch Auditorium, on sidewalk in front of 
main entrance. 

Emory University, pier in basement of Physics Building. 

Emory University, east rear entrance to Geology Building on 
concrete slab outside door. 

University of Tennessee, at bench mark Z189 at entrance to Phys- 
ics-Geology Building. 

Univ. of Alberta, Physics Lab (Room 19) pend. sta. in SW cor- 
ner of lab. 

Univ. of Mexico, in the gravity room at the Universidad Na- 
cional de Mexico, about 50 ft N of the building housing the 
Van de Graaf generator of the Physics Department. On Ist 
pier to rt. 

Tacubaya, Photogrammetry room of the Oficina de Geografia, 
192 Observatory Ave., 6 ft W of the No. 1 pend. pier. 

Institute Technologico y de Estudios Superiores, classroom for 
auto shop repairs, 10 ft from the N (outside) wall and 3 ft 
from the E wall of the room. 

LaCoste and Romberg Laboratory, on floor next to pier nearest 

the door. 


than 0.2 mgal. 


Obs. 


reoccupations were not possible, the writers have 
corrected their values so as to correspond to that 
to be expected at the pendulum site. The uncer- 
tainty in these corrections for difference in posi- 
tion and elevation is not believed to be greater 


Gravity 
980.0961 
980.0993 
979.7663 


7660 
1974 


979. 
980. 
980.1282 
979.7120 


979.2988 


979.7851 
979. 
980.5 
979.7324 
980. 
980 . 3689 
980. 3661 
979.9845 
979.9849 


979.5375 
979.5390 


979.7120 
981.1678 
977.9414 
.9419 


.8055 


979 2849 


From an inspection of Table XI it appears that 
the pendulum results are characterized by random 
errors in the amount of +2 to 3 mgals with a mean 
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TABLE V. GRAVIMETER OCCUPATIONS OF PENDULUM STATIONS 


Pend. 


Station Sta 


Tuscaloosa, Ala. U 1119 
Fairbanks, Alaska GW 27 


Pt. Barrow, Alaska GW 105 
Eureka, Calif. U 238 


Oceanside, Calif. 


San Francisco, Calif. 
Santa Rosa, Calif. 


Ventura, Calif. 
Colorado Springs, Colo. 


Craig, Colo. 
Denver, Colo. 
Washington, D. C. 


Crestview, Fla. 
Lake City, Fla. 


Mariana, Fla. 
Pensacola, Fla. 
Atlanta, Ga. 
Chicago, Ill. 
Indianapolis, Ind. 


Beloit, Kan. 


Baltimore, Md. 


Boston, Mass. 
Cambriage, Mass. 


Laurel, Miss. 
Billings, Mont. 
Cut Bank, Mont. 
Forsyth, Mont. 


Great Falls, Mont. 
Albuquerque, N. M. 


Wilmington, N. C. 


Columbus, Ohio 
Tulsa, Okla. 


Eugene, Ore. 


Station Description 

Univ. of Alabama at USC&GS mark in open area. 186 ft N., 85 
ft W from NW corner of Chemistry Bldg. 

Ladd AFB, BOQ 10, Bldg. 1157, SW corner of bldg. in base- 
ment at foot of stairs. 

Butler Bldg. No. 353, SW corner. 

On N corner (P.O.) of H & 5ih Sts. at traffic signal, 6 ft above 
pend, sta. 

E corner of 1st & Horne Sts., at high school, on curb next to 
hydrant. 

Academy of Science, Golden Gate Park, Paleo. Lab. 

Post office, N corner of 5th & A Sts., next to fire alarm box, 25 
ft S of BM V106. 

Courthouse, NE corner, on landing at top of steps to basement. 

Washburn Athletic Field of Colorado College, 160 ft N along 
dirt road from NW gate. 

Rodeo grounds, .19 miles S US 40 and 43 yds W of gravity 
mark on E fence line. 

Chamberlin Observatory, N entrance to basement, at foot of 
steps. 

Department of Commerce Building, 14th St. side, N arch of 
parking area, at bench mark, on curb. 

1.0 miles W of courthouse, at Mar Camp tourist court, on left 
(S) side of US 90, 370 ft S of center US 90 and 91 ft E of 
blacktop road. Std. grav. mark. 

Duval Tourist Court, .9 miles E center of town on US 90. 
About 30 ft N of S prop. line and 121 ft W of USC&GS mark 
on E prop. line. 

High school, NE corner of grounds, 12 ft W of USGS mark on 
W curb of Daniel St. 

NE corner of courthouse in drive, about 20 ft N of bldg. 5 ft 
above U 164 level. 

Service entrance to capitol] on main sidewalk. 

Univ. of Chicago, 40 ft NE of NE corner Ryerson Physical 
Lab., on sidewalk next to curb of street. About 4 ft lower 
than Ist floor. 

Sidewalk of court house on Meridian Street opposite SW cor- 
ner of bldg. at same level as basement. 

Saults Service Station, on concrete platform in front of bldg. at 
right edge (facing in) of platform, 2 ft from door. About 7 ft 
above and 25 ft SE of basement station. 

Corner of Monument and Linden, NW corner of parking lot 
about 30 ft E of bldg. and against brick wall. Mark in corner. 

Annex to state house, in NE corner of basement, in vault. 

Harvard Observatory (Garden St.) in basement room, 2 ft N 
of foundation of telescope. 

Corner of 5th St. and 4th Ave. At 4th Ave. entrance to school 
on sidewalk at curb. 

Airport, W wall of Hangar No. 2, 7 ft of N door. 

Airport, field door of customs inspection room. 

At courthouse, at top of stairs to NW basement entrance at 
ground level 8 ft above pend. sta. 

Roosevelt School, 20 ft N of S entrance of S hall in hall. 

Univ. of N. Mex., Administration Bldg., 52 ft N of S wall and 
40 ft E of E wall. 

In parking lot back of courthouse at Princess & 3rd St. 30 ft N 
of brick wall at edge of drive and 40 ft W of SW corner of 
new addition to courthouse. 

Old Memorial Hall on Broad St., N end of bldg. under arch- 
way in center. About 11 ft above pend. sta. 

Phillips Engineering Bldg. Rm. 7A, back wall against radiator. 
28 ft from front of bldg. and 8 ft W of E wall. 

Public Library on Olive St. curb 40 ft S of W 13th St. curb, 
about 100 ft N and 1 ft below pend. sta. 


(Continued on next page) 


Obs. 
Gravity 


979.5598 
982.2444 


982.6997 
980.2219 


979.5 


979. 
980. 


979. 
979. 


979. 


980 . 3967 
980.4011 


979.4697 
980.3710 
980.6085 
980.5089 


980.5270 
979.2232 


979.6703 


980 .0864 
979 .7663 
980.4910 


> 


GW 54 9867 
U 250 5600 
U 1164 6202 
GW 39 979.6114 
U 337a 980.1182 
U 390 979.3815 
= U 869 979.3340 
U 399 979, 3665 
U 164 979. 3631 
U 36 980.2858 
U 137 980.0898 a 
GW 32 979.9978 
U 23A 980. 1164 
U 29 
U 145 
GW 35 
GW 34 
U 584 
GW 4 
> U 149 
GW 51 
U 232 


Station 


Portland, Ore. 


Philadelphia, Pa. 
Charleston, 
Aberdeen, S. D. 
Cleveland, Tenn. 
Alpine Texas 

Corpus Christi, Texas 


Del Rio, Texas 
Denison, Texas 


Paso, Texas 
Galveston, Texas 
Houston, Texas 
Rosenberg, Texas 


Salt Lake City, Utah 


Vernal, Utah 


Lexington, Va. 
Bellingham, Wash. 


Bremerton, Wash. 
Everett, Wash. 
Issaquah, Wash. 


Olympia, Wash. 
Port Angeles, Wash. 


Madison, Wis 
Calgary, Alb., Can. 


Edmonton, Alb., Can. 


Ft. St. John, B.C., Can. 
Watson Lake, Y.T., Can. 


Whitehorse, Y.T., Can. 


Mexico City, D.F., Mex. 


Mexico City, D.F., Mex. 


Monterrey, N.L., Mex. 


Paso de Cortes, Mex. 
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TABLE V. (Continued) 
Station Description 


US customhouse, near NW corner, on Everret St. sidewalk 40 
ft W of 8th St. curb, 5 ft above pend. sta. 

Inside Franklin Stadium, Univ. of Pa., at brass disk in brick 
wall at N corner of field. 

Old Citadel, SW corner on sidewalk. Probably 3 ft below level 
of pend. sta. 

At SE corner of 4th St. and Main, at curb, on sidewalk, at J.C. 
Penny Co. (site of old post office). 

P.O. on sidewalk at curb opposite SW corner of bldg. about 1 ft 
below basement floor. 

Public School at N end of 6th St., 3 ft from edge of sidewalk at 
W entrance. 

3314 Hamilton Rd., on sidewalk at property line next to pole, 
SW corner of property. 

Camp Del Rio, sidewalk at entrance to Cabin No. 23. 

NE corner of Armstrong and Main Sts., on curb of Armstrong 
30 ft N of curb of Main. 

School at N Kansas & Arizona, on sidewalk curb Kansas St. 
entrance. 

On curb of parking lot on sidewalk to rear entrance of West and 
South Life Insurance Co. between 22nd and 21st Sts. and 
G&H Aves. 

Hall-Sears, 2424 Branard St. at car shelter. 

Fairview Tourist Court, Hy. US 59 and US 90A. On sidewalk 
to southwesternmost cabin, at mark. 

Inside Temple Square, SE corner of grounds on top of sand 
stone block engraved: ‘‘United States Meridian Line,” about 
50 ft N of and midway between log cabin and museum. 

Airport, 225 ft E of entrance to field and 90 ft S of section line 
road, in open field. 

On sidewalk at Nelson St. entrance to P.O, at bottom of steps. 

Corner of W. Magnolia & Cornwall, at post office, on Magnolia 
St. curb, 20 ft from S corner of bldg. 

Smith School, at SW corner of bldg. next to window, ground 
level. 

P.O. at Wall & Colby St., NW corner of bldg. on sidewalk, 
about 6 ft above pend. sta. 

At junior high school on sidewalk at rear of building opposite 
top of steps to basement. 

SE corner Quince & 5th St., on curb. 

Courthouse, at E wall, 10 ft S of N wall, on concrete drive, 
approx. 5 ft above pend. sta. 

Science Hall, University of Wisconsin, entrance to Room 40. 

Airport, Aux. Gen. Bldg. approx. 100 ft S. Chinook hangar SW 
rooms. 

Univ. of Alberta, Physics Lab. (Rm. 19) pend. sta. in SW cor- 
ner of lab. 

Airport, in center basement room of terminal in SE corner. 

Airport, inside passenger waiting room, SE corner. 

In pumphouse approx. 100 ft E SE corner of hangar at foot of 
steps. 

In gravity room at Universidad Nacional de Mexico, about 50 
ft N of bldg. housing the Van de Graaf generator of the 
Physics Department. 

Photogrammetry room of the Oficina de Geografia, 192 Ob- 
servatory Ave., Tacubaya, about 20 ft W of pier, floor level. 

Institute Technology, auto shop classroom, at mark in floor: 
Instituto Geofisico Estacian UNAM about 15 ft S of N wall 
center of room. 

TV relay station on floor in center of bldg. between banks of 
equipment. 


Obs. 
Gravity 


980. 
980. 


979. 


980 


979. 
978. 
979. 


979. 
979. 


979. 


979 


979. 
979, 


979, 


979 


979. 
980. 


980. 


980 
980. 


980. 
980. 


980 
980. 


981. 
981 
981 
981 


977. 


977. 


978. 


977. 


6474 
1974 


5501 


6517 
9910 
1489 


1920 


6686 


8641 
8855 


8117 


76054 


8170 
8752 


8281 


1078 


.4059 
. 7486 


9414 


9419 


8055 


5711 


68 
Sta, 
U 153 
U 98 
U 727 
4 
U 73A 5712 
U 63 1257 
U 730 2788 
U 220 
U 221 
U 222 = 
U 112 
U 223 
GW 8 


WH 1 


WH 2 


WH 3 
WH 4 
WH 5 
WH 6 
WH 7 
WH 8 
WH 9 
WH 10 
WH 11 
WH 12 
WH 13 
WH 14 
WH 15 
WH 16 
WH 17 
WH 18 
WH 19 
WH 20 
WH 21 
WH 22 
WH 23 
WH 24 
WH 25 
WH 26 


WH 27 


WH 28 


WH29 
WH 30 


WH 31 
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TaBLe VI. HARBOR GRAVITY BASE STATIONS 


Station 


Milwaukee, Wis. 


Chicago, Ill. 


Toledo, Ohio 
Cleveland, Ohio 
Quebec, Can. 
Portland, Me. 
Portsmouth, N. H. 
Boston, Mass. 
Woods Hole, Mass. 
Woods Hole, Mass. 
Davisville, R. I. 
Quonset Pt., R. I. 
New London, Conn. 
New York, N. Y. 
Philadelphia, Pa. 
Baltimore, Md. 
Norfolk, Va. 
Wilmington, N. C. 
Charleston, S. C. 
Savannah, Ga. 
Jacksonville, Fla. 
Pensacola, Fla. 
Mobile, Ala. 

New Orleans, La. 
Galveston, Texas 


Corpus Christi, Texas 
San Diego, Calif. 


LaJolla, Calif. 


Port of Los Angeles, Calif. 


Monterey, Calif. 
San Francisco, Calif. 


Bremerton, Wash. 


Station Description 


Milwaukee dock area, Clipper Ferry landing bldg. at water’s edge, 
in parking area, about 30 ft east of bldg. and about 80 ft east of 
car loading ramp to ferry. (Wis.-Mich. SS Co.) 

Chicago sanitary causeway (approx. 100 yds. north Columbia 
Yacht Club) at entrance to causeway, at rear of Chicago Na- 
val Armory, about 7 ft above lake level, about 25 ft west of 
gate to causeway and 25 ft south of north edge of Navy pier. 

Toledo, USCG sta., at pier, at southeast corner, about 40 ft from 
end and 20 ft N of S side, about 5 ft above water. 

USCG sta., (end of 9th St.) at NE corner of pier about 5 ft from 
each edge, about 7 ft above lake, next to ring buoy on light pole. 

Pier of Canada SS Lines, west end of pier, 75 ft out from 40 Dal- 
housie Rue. Hy. 2 runs into driveway. 

U.S. Naval Res. Training Center, at concrete base of Naval Re- 
serve pier. 

Navy base, Berth No. 5. SE corner, about 20 ft from S edge of 
pier, about 10 ft from W edge. 

Boston Naval Base, Pier No. 7, sea end, about 40 ft from end and 
30 ft from west side. 

Woods Hole USCG pier, SE corner, about 35 ft N of S edge and 
35 ft W of E edge. 

Woods Hole, WHOI pier, on concrete 30 ft SE of tide station. 

Pier No. 1 at sea end, 6 ft from end, on center line of pier. 

NAS, on curb in front of BOG on center line. 

Submarine Base, Pier No. 7, north (land) end, at base of light 
post on E side. 

New York Naval Yard, Pier J, NE corner (sea end) 15 ft S of N 
end, against wood beam at E side, Berth 16. 

Philadelphia Navy Yard, Pier No. 5, center of pier about 25 ft 
from south (sea) end. 

USCG depot, sea end, Pier No. 3, about 30 ft N of S end and 25 
ft E of W side. 

Nortolk Naval Base, Pier 5, sea end, 5 ft in (NE) from end on 
center line of pier. 

USCG station, at pier on concrete center of main entrance from 
street, 3 ft from land edge of wood pier. 

Naval Base, Pier F at outer end, 30 ft N of end and 10 ft W of 
outer side. 

USCG station, about 30 ft E of wire fence barrier gate and 10 ft 
in from edge. 

Mayport Naval Base, north pier, Berth C-1, S side of pier, on 
concrete 20 ft N of asphalt at indentation in pier. 

NAS, Alleghany Pier, NE corner, 5 ft S of N edge and 10 ft W of 
E edge. 

USCG pier, 25 ft N of S side and 100 ft from sea end. 

USCG New Carol Light Station, sea end of pier 20 ft S of bell. 

USCG station, McKenzie (Hopper Dredge Dock) on road to 
dock, 10 ft in from land edge of pier. 

City dock, S end, 21 ft N of tank and about 40 ft E of street edge. 

USN Sonar School, at junction of Piers No. 5 and 6 on concrete 
next to manhole cover. El. 10.97 ft., Columbia 1948 No. 553. 

Scripps Inst. of Oceanography, Naval Electronics Lab, Marine 
Physical Lab, Post No. 5 gate house, outside at NW corner of 
bldg. on concrete at edge of asphalt street. 

San Pedro, Port of Los Angeles, Berth 57, at SW side of pier, land 
end, next to large green mooring cleat. 

USCG pier, sea end, at base of steel tower. 

USN shipyard, Berth No. 3, NE end of berth at edge and corner 
marked 

Puget Sound Naval Shipyard, Pier 5, sea end, 6 ft N of S end, 
10 ft E of W side. 
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Obs. 
Gravity 


980. 
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980. 


980 
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979. 
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979. 
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979. 
979. 
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3697 


2528 
2502 
.7476 
5216 
4727 
4040 
3276 
3270 
3123 
3111 
2964 
2721 
1999 
1046 
8843 
6708 
5650 
4932 
3758 
3560 
3576 
3310 
2789 


1490 
5423 
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6495 


8917 
9906 
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TABLE VII. L&R Geopetic No. 1 ArRPORT STATIONS 


WA 106 
WA 107 
WA 108 
WA 109 
WA 110 
WA 111 
WA 112 
WA 113 
WA 114 
WA 115 
WA 116 


WW WWW WW ty 


| 


Station 


Birmingham, Ala. 

Mobile, Ala. 

Los Angeles, Calif. 

Monterey, Calif. 

San Diego, Calif. 

San Francisco, Calif. (Gate 23) 
San Francisco, Calif. (Main entrance) 
Santa Barbara, Calif. 

Denver, Colo. (Gate 2) 
Denver, Colo. (Gate 6) 
Kremling, Colo. 

New Haven, Conn. 
Wilmington, Del. 

Washington, D. C. (Field level) 
Washington, D. C. (Upper street level) 
Jacksonville, Fla. 

Pensacola, Fla. 

Tallahassee, Fla. 

Atlanta, Ga. (East Concourse) 
Atlanta, Ga. (West Concourse) 
Savannah, Ga. 

Coeur d’Alene, Idaho 

Chicago, II. 

Indianapolis, Ind. 

W. Lafayette, Ind. 

Beloit, Kan. 

Kansas City, Kan. 

Wichita, Kan. 

Lexington, Ky. 

Baton Rouge, La. 

New Orleans, La. (Entrance to term.) 
New Orleans, La. (Moisant Airport) 
Portland, Me. 

Baltimore, Md. 

Bedford, Mass. 

Boston, Mass. (Gate 17) 
Boston, Mass. (Gate 19) 
Detroit, Mich. 

Lansing, Mich. 

Minneapolis, Minn. 

Meridian, Miss. 

Kansas City, Mo. 

St. Louis, Mo. 

Billings, Mont. 

Butte, Mont. 

Great Falls, Mont. 

Cut Bank, Mont. 

Lewistown, Mont. 

Missoula, Mont. 

Las Vegas, Nev. 

Reno, Nev. 

Albuquerque, N. M. 

Santa Fe, N. M. 

New York, N. Y. (LaGuardia) 
New York, N. Y. (Idlewild) 
Syracuse, N. Y. 

Cincinnati, Ohio (Front of terminal) 
Cincinnati, Ohio (Gate 3) 
Cleveland, Ohio 

Columbus, Ohio 

Tulsa, Okla. 

Eugene, Ore. 

Medford, Ore. 

Portland, Ore. (Lower lobby) 


HAW 


moor 


eo 


0 


~ 


Long. 


86 45.0 
88 14.2 


118 
121 
117 
122 
122 
119 


23 


50. 
0 
22. 
22. 
49.; 
36. 

38. 


11 


11 


20. 
8. 
49. 
45. 


HOH 


NNR UN 


0 


5 


8 


6 


nw 


~ 


~ 


Elev. 


N 


Observed 
Gravity 


979 
979 
979 
979 


979. 
979. 
979. 
979. 
979. 
979. 


979 
980 


980. 
980. 
980. 


979 
979 
979 


979. 


979 


979. 


980 
980 
980 


980. 


980 
980 


979. 
979. 
979. 
979. 
979. 
980. 
980. 
980. 
980. 
980. 


980 


980. 
980. 


979 


979. 


980 


980. 
980. 
980. 
980. 
980. 
980. 
979. 
979. 
979. 
979. 
980. 
980. 
980. 
979. 


979 


980. 
980. 


979 
980 
980 
980 


.5390 
. 5946 
.8692 
5369 
9883 
9885 
6407 
6335 
6327 
.4903 
,3125 
1757 
1098 
1088 
. 3630 
5205 
.5203 
4980 
.6387 
. 2864 
1469 
.0010 
8404 
8988 
3637 
3312 
3298 
5126 
1104 
3942 
4036 
4036 
.3188 
3518 
5950 
.4840 
9998 
.0043 
3717 
1744 
5137 
6085 
4510 
4440 
6049 
6873 
2081 
1974 
2825 
2261 
3968 
9935 
.9931 
2322 
0791 
.7766 
.5148 
.2375 


Free Air 


Anomaly 


—26.0 
+8. 
+18. 
+18 
— 
—24 
+1 
+19. 
+28 
419, 
+2. 
+11 
—13 
— 29 


MUMIA OO 


= 


fon 

~ 


| 

= 


| 
NONE 


Anomaly 


Bouguer 


—47.9 


+ 


aa 


| 


| 

WA 81 33 34.1 643 

WA 82 30 41.3 || 217 sey 

WA 83 33 56.1 
WA 84 36 35.5 220 

ce WA 85 32 44.0 14 AR 
WA 86 37 37.0 10 

WA 87 37 37.0 10 

WA 88 34 26.0 14 

WA 89 39 45.6 104 

WA 90 39 45.6 104 

WA 91 40 3.5 106 
WA 92 4116.0 72 4 
WA 93 39 45.9 75 135 
WA 7 38 51.0 77 10 
WA 8 38 51.1 77 16 

WA 94 30 25. 81 52 me 

WA 95 30 28. 87 121 
ay WA 96 30 26. 84 70 
WA 97 33 39. 84 1,005 

WA 98 33 39. 84 1,005 

WA 99 2. 81 40 
WA 100 47 46.9 116 2,310 
et WA 101 41 47. 87 618 Pe 

WA 102 39 86 16. 792 

“ WA 103 40 25. 86 56. 605 q 

WA 104 39 28. 98 8.8 1,416 
WA 105 39 8. 94 36. 746 
37 37.8 97 :16.@ 1,372 
38 6. 84 28 910 
30 31.7 91 9 70 
30 2. 90 2 8 

29 59. 90 15 3 

43 38. 70 18 60 —11.8 + 
39 15m 76 30 10 —2. 
42 28.2 71 17 135 +5. 
4222.0 71 1 12 +12. 
4222.0 71 1 12 +12. 
ag 42 14.0 83 32 715 

WA 117 42 46.5 84 35 858 + 
WA 118 4453.2 93 13 840 +5 

ed WA 119 32 20.4 88 44 207 _ —1 + 
WA 120 39° 744 —3 

WA 121 38 45.0 90 22 5607 —1 
WA 122 45 48M 108 3,612 + 
A 123 45 112 5,554 —1 

A 124 47 29.8 111 220% 3,671 + 

125 48 36.8 112 22M 3,900 +2 
\ 126 47 2.8 109 4,209 
\ 127 46 55.6 114 3,203 
Al 36 4 115 10m 2,171 
\1 39 29 119 459 4,404 
\1 35: 2 106 36 5,330 

\1 35 37 106 6,344 
ah \1 40 46 73 52 19 : 
ae \1 40 38 73 47.8 15 

Al 43 4 76 15. 396 
\1 39 3 84 39. 890 
Al 39 3 84 39. 896 
eh Al 41 24 81 50. 789 
Al 40 00 82 52. 816 
am Al 36 12 95 54. 674 ae 
A 140 447 123 13. 365 
A 141 42 22 122 52.8 1,330 
A 142 45 35 122 36.9 23 —31.6 
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TABLE VII. (Continued) 


Station 


WA 143 Portland, Ore. (Old Terminal) 
WA 144 Philadelphia, Pa. 
WA 145 Pittsburgh, Pa. 
WA 146 Providence, R. I. 
WA 147 Charleston, S. C. (MATS Terminal) 
WA 148 Charleston, S. C. (Municipal Airport) 
WA 149 Chattanooga, Tenn. 
WA 150 Knoxville, Tenn. 
WA 151 Austin, Texas 
Brownsville, Texas 
Corpus Christi, Texas 
Dallas, Texas 
El Paso, Texas 
Kt. Worth, Texas 
Galveston, Texas 
Houston, Texas (Gate 9) 
Houston, Texas (Gate 7) 
WA 160 Laredo, Texas 
WA 161 San Antonio, Texas (American Airlines) 
WA 162 San Antonio, Texas (Gate 8) 
WA 163 Salt Lake City, Utah 
WA 164 Vernal, Utah 
WA 165 Burlington, Vt. 
WA 166 Norfolk, Va. (New Terminal) 
WA 167 Norfolk, Va. (Old Station) 
WA 168 Roanoke, Va. 
WA 169 Port Angeles, Wash. 
Seattle, Wash. (Gate 5) 
Seattle, Wash. (Gate 3) 
Seattle, Wash. (At curb) 
Spokane, Wash. 
Charleston, W. Va. 
Janesville-Beloit, Wis. 
Milwaukee, Wis. 
Casper, Wyo. 
Cheyenne, Wyo. 
Sheridan, Wyo. 
WA 180 Calgary, Alberta, Can. 
WA 181 Edmonton, Alberta, Can. 
WA 182 Ft. Nelson, B.C., Can. 
WA 183 Grande Prairie, Alb., Can. 
WA 184 Lethbridge, Alb., Can. 
WA 185 Quebec, Que., Can. 
WA 186 Vancouver, B.C., Can. 
WA 187. Watson Lake, Y.T., Can. 
WA 188 Whitehorse, Y.T., Can. 
WA 189 Mexico City, D.F., Mex. 
WA 190 Monterrey, N.L., Mex. 


error with regard to sign of about +1.0 mgal. 

the difference in datum is taken into consideration 
this mean error becomes approximately +2.0 
mgals. This is brought out in Figure 5 where the 
differences are plotted with both sets of data on 
the same datum. From this plot it might be con- 
cluded that there is evidence for a systematic de- 
viation with change in gravity of about 5 mgals 
per 1,000 mgal change. This is believed to be 
fortuitous for Woollard et al. (1955) have shown 


Lat. Long. 


Observed Free Air Bouguer 
Gravity Anomaly Anomaly 


36.0 980.6477 
10.0 980.1976 
13; 980 .0993 
25. 980.3139 
979.5674 
979.5668 
979.6505 
979.7032 

979 .2889 
979.0509 
979.1430 
979.5131 
979.0814 
979.4934 
979.2696 
979.2933 
979.2932 

979 .0792 
979.1973 
979.1975 
979.8070 

979 .6686 
980.5181 
979.8789 
979.8788 
979.8076 
980 . 8640 
980.7765 
980.7765 
980.7765 
980.6463 
979.9259 
980.3303 
980.3597 

979 .9562 
979.7008 
980.2266 
980.8288 
981.1729 
981.6930 
981.3158 

3,030 980.7538 
235 980.7405 

6 980.9299 
2,230 981.7141 
,297 981.7487 

,347 977.9701 
100 14.0 1,474 978.8617 


= 


—32. 
—54. 
—17. 

—0. 

—0. 
—57. 
—52. 
— 34. 
+19. 
—22. 
—24. 
—163. 
—28. 
—11. 
—14. 
—14.; 
—40. 


| 


UND 
NO 


~ 


? 


> 


that there is good evidence for datum shifts in the 
U. S. Coast and Geodetic Survey pendulum sta- 
tions results that can be correlated with different 
operational seasons. For example, Table XII lists 
the changes observed at 36 pendulum sites oc- 
cupied by Woollard in the midwest area as a func- 
.ion of the year of observation. If the present 
comparison involving different pendulum stations 
(Table XI) is studied in the same manner, the re- 
sults are as shown in Table XIII. The agreement 


4 


a5 
39 
40 ) 
41 
32 
32 ) 
35 
30 17 
25 54 ) 
27 46 
32 51 
31 48 
29 16 ) 
29 39 
29 39 
32 
29 32 —56.2 
29 32. —56.2 
40 2 
44 2 —32.8 —43.3 5 
36 5 —26 —27.1 
36 5 —26 —27.2 
37 1 —26 --66.9 
48 —29.5 er 
47 2 —48.1 
47 2 —34 —481 
47 2 — 34 —48.1 
47 3 +3 —77.0 
42 3 —36.0 
42 5 — —44.6 
42 5 +18 —163.8 
41 
44 4 40) 
53 3 —88.4 
58 5 —64.3 
55 1 —7 —82.1 
49 3 —110.1 
iy 46 4 —28 — 36.3 gh 
49 1 —75 —75.9 
60 42.5 —13 —91.9 
19 25.5 +42 — 208.0 
25 53.0 —30 —§1.0 
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TABLE VIII. Principat Facts PENDULUM STATIONS (REOCCUPIED) 


Observed Free Air Bouguer 
Gravity Anomaly Anomaly 


Station Elev. 


1119 22 979.5598 —14. —22.4 
50. 982.2444 +2. —12.2 
982.6997 +11. +11.4 
980.2219 —25. —27.4 
979.5663 —20.: 
979 .9867 +17. 
980.0203 —12. 
979 . 5600 —120. 
979 —224. 
979.6202 —235. 
979.6114 —217. 
980.1182 +48. 
979.3815 —6. 
979 —7 
979.3665 —22 
979.3631 
979.5238 
980.2858 
980 .O898 
979.9978 
980.1164 
980 . 3967 
980.4011 
979 4697 
980.3710 
980.6085 
980 . 5089 
980.5270 
979.2232 
979.6703 
980.0864 
979.7663 
980.4910 
980.6474 
980.1974 
979.5501 
980.5463 
979.6517 
978.9910 
979. 

979. 
979.57 
979. 

979. 

979. 
979.27 
979.8 
979.6086 
979.8641 
980.8855 
980.8117 
980.7807 
980.8170 
980.8752 
980.8281 
981.1678 
981.4059 
981.7141 
981.7486 
977 .9419 
978.8055 
977.5711 
977 .9414 


Tuscaloosa, Ala. 
Fairbanks, Alaska 
Pt. Barrow, Alaska iW 105 
Eureka, Calif. J 238 
Oceanside, Calif. J 241 
San Francisco, Calif. iW 54 
Santa Rosa, Calif. 239 
Ventura, Calif. J 250 
Colorado Springs, Colo. } 1078 
Craig, Colo. > 1164 
Denver, Colo. iw 39 
Washington, D. C. 
Crestview, Fla. 890 
Lake City, Fla. 1 869 
Mariana, Fla. 399 
Pensacola, Fla. 164 
Atlanta, Ga. J 15 
Chicago, Ill. J 36 
Indianapolis, Ind. J 137 
Beloit, Kan. sW 52 
Baltimore, Md. J 
Boston, Mass. 

Cambridge, Mass. 

Laurel, Miss. 

Billings, Mont. 

Cut Bank, Mont. 

Forsyth, Mont. 

Great Falls, Mont. 
Albuquerque, N. M. 
Wilmington, N. C. 

Columbus, Ohio 

Tulsa, Okla. 

Eugene, Ore. 

Portland, Ore. 

Philadelphia, Pa. 

Charleston, S. C. 

Aberdeen, S. D. 

Cleveland, Tenn. 

Alpine, Texas 

Corpus Christi, Texas 

Del Rio, Texas 

Denison, Texas 

El Paso, Texas 

Galveston, Texas 

Houston, Texas 

Rosenberg, Texas 

Salt Lake City, Utah 

Vernal, Utah 

Lexington, Va. 

Bellingham, Wash. 
Bremerton, Wash. 

Everett, Wash. 

Olympia, Wash. 

Port Angeles, Wash. 

Calgary, Can. 

Edmonton, Can. 

Fort St. John, Can. 

Watson Lake, Can. 
Whitehorse, Can. 

Mexico City, Mex. (Tacubaya) 
Monterrey, Mex. 

Paso de Cortes, Mex. 

Mexico City, Mex. (University) 
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GRAVITY CONTROL NETWORK IN NORTH AMERICA 


TABLE IX. ArrPORTS. COMPARISON OF L&R GEopETIC No. 1 witH ADJUSTED 1958 VALUES 


A B Cc Difference 
Station Unadjusted Geodetic Adjusted ca 
Woollard (58) #1 Woollard (58) i 
WA 81 Birmingham, Ala. .5389 .5390 .5392 + .0002 
WA 83 Los Angeles, Calif. .5944 .5946 .5947 + .0001 
WA 85 San Diego, Calif. . 5366 .5369 .5369 .0000 
WA 86 San Francisco, Calif. 9883 9881 — .0002 
WA 89 Denver, Colo. .6330 — .0002 
U 337A Washington, D. C. (Comm. Outside) .1182 .1182 .1182 .0000 a 
WA Jacksonville, Fla. .3855 .3856 + .0003 
WA 95 Pensacola Fla. . 3626 . 3630 . 3630 .0000 
WA 97 Atlanta, Ga. .5203 .5205 .5206 + .0001 
WA 99 Savannah, Ga. .4977 .4980 .4980 .0000 
WA 102 Indianapolis, Ind. .0933 .0933 .0934 + .0001 
WA 103 Lafayette, Ind. . 1468 . 1469 . 1468 — .0001 
WA 110 New Orleans, La. .3294 .3298 .3298 .0000 
WA 116 Detroit, Mich. .3187 — .0001 
WA 118 Minneapolis, Minn. .5950 .5950 .0000 
WA 120 Kansas City, Mo. .9997 .9998 
WA 123 Butte, Mont. .1740 .1744 .1740 — .0004 
WA 127 Missoula, Mont. — .0003 
WA 128 La Vegas, Nev. . 6047 .6049 .0000 
WA 131 Santa Fe, N. M. .1970 .1974 .1975 + .0001 
WA 132) New York (LaGuardia), N. Y. 2827 .2825 .2825 .0000 
WA 134 Syracuse, N. Y. .3968 .3968 
WA 136 Cincinnati, Ohio .9929 .9931 .9930 — .0001 
WA 137 Cleveland, Ohio .2325 .2325 + .0003 
WA 139 Tulsa, Okla. .7762 .7766 .7764 — .0002 
WA 140 Eugene, Ore. .5150 .5148 .5149 + .0001 
WA 141 Medford, Ore. 2363 .2375 2363 (Poss. not the 
same site) 
WA 145 Pittsburgh, Pa. + .0002 
WA 148 Charleston, S. C. . 56064 5668 . 5667 — .0O001 
WA 152. Brownsville, Texas .0505 .O511 + .Q002 
WA 155 El Paso, Texas .O811 .O814 .0817 + .0003 
WA 162 San Antonio, Texas .1971 .1975 .1976 + .0001 
WA 165 Burlington, Vt. .5181 + .0091 
WA 170 Seattle, Wash. .7769 .7767 + .0002 
WA 173. Spokane, Wash. -6463 -6463 .6461 — .0002 
WA 174 Charleston, W. Va. .9256 .9259 .9257 — .0002 ie, 
GW 3 Madison, Wis. (Base) . 3689 . 3689 . 3689 .0000 
WA1760 Milwaukee, Wis. .3597 .3597 .3597 .0000 
WA 177 Casper, Wyo. .9560 .9561 — .0001 
Station Lat. Long. Elev. Gravity Anomaly Anomaly 


"A Muscle Shoals, Ala. 5. 548 979.6914 5 
WA 2. Phoenix, Ariz. 33 26.0 1,120 979.4918 —17.1 —55.3 
WA 3. Tucson, Ariz. 110 57.0 2,595 979.2277 —35.1 —123.6 
WA 4. Little Rock, Ark. 34 44.0 92 14.0 200 =979.7245 +26.0 +17.1 
WA 5. Fresno, Calif. 36 46.5 119 42.5 331 979.8328 —33.6 —44.8 
WA 6 Colorado Springs, Colo. 38 48.5 104 42.7 6,172 979.4833 —11.2 —221.5 
WA 7 Washington, D. C. 38: 16 980.1100 +32.6 +32.1 

(Field level, Nat’l. Apt.) 
WA 8 Washington, D. C. 38 51.1 30 980.1090 +33.0 +31.9 
(Street side, Nat'l. Apt.) 
WA 9 Daytona Beach, Fla. 29 11.1 81 3.0 34. 979.2782 +6.7 +5.5 aS 
WA 10 Gainesville, Fla. 29 41.5 82 16.5 155 979.3064 +7.2 +1.9 
WA 11. Miami, Fla. 25 47.8 80 17.0 9 979.0540 +29.9 +29.5 
WA 12 Ocala, Fla. 29 10.0 82 9.4 84 979.2618 —3.6 —6.5 Be 
WA 13 Orlando, Fla. 28 33.0 81 19.4 115 979.2191 +3.6 —0.4 PS 
/ Sarasota, Fla. 27 23.4 82 32.9 24 979.1444 +6.8 +6.0 


(Continued on next page) 
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WA 66 
WA 67 
WA 68 


WA 80 


Station 


St. Petersburg, Fla. 
Tampa, Fla. 

West Palm Beach, Fla. 
Brunswick, Ga. 
Columbus, Ga. 
Macon, Ga. 

Boise, Idaho 
Chicago, Il. 
Springfield, 
Cedar Rapids, Iowa 
Des Moines, Iowa 
Louisville, Ky. 
Shreveport, La. 
Mankato, Minn. 
Rochester, Minn. 
Jackson, Miss. 
Helena, Mont. 
Kalispell, Mont. 
Alliance, Neb. 
Grande Island, Neb. 
Lincoln, Neb. 
North Platte, Neb. 
Omaha, Neb. 
Scotts Bluff, Neb. 
Ely, Nev. 
Tonopah, Nev. 
Lebanon, N. H. 
Wrightstown, N. J. 
Alamogordo, N. M. 
Charlotte, N. C. 
Greensboro, N. C. 

New Bern, N. C. 

Raleigh Durham, N. C. 
Wilmington, N. C. 
Bismarck, N. D. 

Fargo, N. D. 

Jamestown, N. D. 
Columbus, Ohio (Old terminal) 
McAlester, Okla. 
Oklahoma City, Okla. 
Pendleton, Ore. 

Salem, Ore. 

Florence, S. C. 

Greenville, S.C. 

Aberdeen, S. D. 

Brookings, S. D. 

Hot Springs, S. D. 

Huron, S. D. 

Rapid City, S. D. 
Spearfish, S. D. 

Memphis, Tenn. 

Nashville, Tenn. 

Amarillo, Texas 

Lubbock, Texas 

Tyler, Texas 

Wichita Falls, Texas 
Ogden, Utah 

Montpelier, Vt. 
Richmond, Va. 

Walla Walla, Wash. 
LaCrosse, Wis. 

Madison, Wis. 

Montreal, Que., Can. 
Ottawa, Ont., Can. 
Toronto, Ont., Can. 
Winnipeg, Manitoba, Can. 
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TABLE X. (Continued) 
Long. 


41. 


31 


BONN 
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Observed 
Gravity 


979. 
2047 
979. 
979. 
979. 
979. 
980. 
980. 
.0821 
980. 
980. 
979. 
979. 
980. 
4311 


979 


980 


980 
979 


980. 
980. 


980 
980 


980 


980. 
.9482 
.4946 
.4767 
980. 
980. 
979. 
979. 
979. 
.7286 
979. 


979 
979 
979 


979 
979 


980 
980 


979 


979 


979 


979 
979 


1974 


1332 
4498 
5125 
5323 
2082 
2894 


2519 
1984 
9586 
5305 
4606 


5270 
3778 
5818 


.0105 
.0957 
980. 
.0295 


1756 


2143 


4412 
2127 
1484 
7283 
7658 


6772 


.6274 
980. 
980. 
.0774 
.6274 
979. 
980. 
980. 
979. 
.6232 
980. 
980. 
980. 
980. 
980. 
980. 
979. 
.4234 
.3228 
979. 
979. 
979. 
980. 
979. 
980. 
980. 
980. 
980. 
980. 
980. 
980. 


7270 
6540 


6656 
5837 
6851 


5438 
4302 
1954 
4527 
2510 
2521 


7796 


4782 
5483 
8178 
4629 
9534 
5740 
4567 
3725 
6439 
6215 
4298 
9924 


Free Air 


Anomaly 


Ow 


+24. 


| 
Nm 
=~ 


| 
| 
| 


| 


Bouguer 
Anomaly 


+19. 
+23. 
+45. 
+19, 
—1. 
—0. 


—120. 


—29. 


| 
oo 


—31.1 


~ 
> 


“16 


WA 15 27 54. 82 12 ad 
WA 16 27 58. 82 26 
- WA17 26 41. 80 5 15 4 Bee 
ae WA 18 31 11. 81 29 14 + a 
& WA 19 32 30. 84 56 397 + ae 
s WA 20 32 42. 83 38 354 4 = 
WA 21 43 34. 116 13 2,858 
4 WA 22 41 59. 87 54 666 ve 
s 39 45. 89 41 606 - —40 oe 
41 53. 91 43 863 —45 
41 31.8 93 38 957 ~ —61 
38 11.1 85 44 497 - 
a 32 32.5 93 44 179 +0 ne 
44 8.9 93 58 1,005 —25 
44 0 92 27 1,041 —45 

» 36 5 , 882 - — 16: 
48 18 114 15. 2,971 - —167 
= 42 3 102 48. 3,930 + —117 ; 
40 58 98 18. 1,846 —60 
40 51 96 46. 1,191 + =9 
41 8 100 42 2,779 —86 
41 18.8 95 53 982 4 —23 
41 5 103 36 3,965 

39 1 114 50 6,258 — 248 
38 5,426 — 207 

43 3 72 18 579 —30 
40 74 35 120 4 +37 
32 5 106 6 4,092 —172 

35 12.8 80 56 748 +. +9 
36 5.6 79 56 913 + —18 a 
= 35 4.9 77 2 18 —22 
35 52.2 78 47 435 + +8 
34 16.6 77 54 31 - —5 
46 46.8 100 45 1,653 —63 
46 54.9 96 48 900 4 —21 
2 46 56.0 98 41 1,498 —59 ee 
40 82 52 830 —53 
sey 34 55. 95 45 750 —66 ie 
35:23. 97 36 1,283 — 36 
45 41. 118 50 1,493 —90 
44 54. 123 0.0 207 —25 

34 11. 79 43.9 146 +16 
34 51. 82 21.0 1,049 —46 
45 27. 98 26.0 1,300 —48 
WA 60 44 18. 96 48.6 1,626 —38 
WA 61 43 21. 103 24.8 3,075 —101 
WA 62 44 23. 98 13.3. 1,287 —43 
WA 63 44 3. 103 3.6 3,172 —102 
WA 64 44 28. 103 47.1 3,929 4 —94 
WA 65 2, 89 58.9 291 —7 
os 36 7.0 86 41.0 606 —24 

35 13. 101 42.0 3,604 —125 
33 39 101 48.9 3,256 —114] 

Be WA 69 32 21. 95 24.1 544 —14 2 

WA 70 33. 59. 98 30.5 1,029 —50, ae 

= WA 71 4112. 112 0.9 4,455 —202 
WA 72 44 12. 72 34.1 1,100 —29.5 
WA 73 37 30. 77 19.2 167 +2. 
WA 74 46 5. 118 17.0 1,205 —82. 
ee WA 75 43 53. 91 16.0 653 - —32. 

WA 76 43 8. 89 20.0 859 —38. 
ag WA 78 45 20. 75 41.2 357 —16. ae 
WA 79 43 41 79 38.1 557 - 

49 54. 97 14.5 775 
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TABLE XI. Comparison L&R Geopetic No. 1 vs. USC&GS PENDULUM VALUES 


A B B-—A 
ne L&R Geodetic #1 USC&GS AG 
Tuscaloosa, Ala. J 979.5598 gals. .562 gals. +2.2 mgals. 
Eureka, Calif. 980.2219 +1.1 
Oceanside, Calif. J 979.5663 
Santa Rosa, Calif. 980.0203 
Colorado Springs, Colo. 1107 979.4931 
Craig, Colo. J 979.6202 
Dept. of Commerce, D. C. J 337: 980.1182 
Crestview, Fla. J 979.3815 
Lake City, Fla. J 979.3340 
Mariana, Fla. 979.3665 
Pensacola, Fla. J 
Atlanta, Ga. J 5 .5238 
Chicago, III. ied 
Baltimore, Md. J 3: .1164 
Boston, Mass. J .3967 
Cambridge, Mass. 4011 
Laurel, Miss. J 5 .4697 
Forsyth, Mont. 
Albuquerque, N. M. J . 2232 
Wilmington, N. C. J 79.6703 
Columbus, Ohio .0864 
Eugene, Ore. .4910 
Portland, Ore. J .6474 
Philadelphia, Pa. J 95 .1974 
Charleston, S. C. J 79.5501 
Cleveland, Tenn. 18: .6517 
Alpine, Texas J .9910 
Corpus Christi, Texas J . 1489 
Del Rio, Texas .1920 
Denison, Texas J 3: ke 
El Paso, Texas J .1257 
Galveston, Texas J 79.2753 
Rosenberg, Texas 79.2788 
Salt Lake City, Utah J 79.8038 
Vernal, Utah J 5 .6686 
Lexington, Va. J 5 .8641 
Bellingham, Wash. J 
Bremerton, Wash. J 

Everett, Wash. 

Olympia, Wash. 

Port Angeles, Wash. 

Madison, Wis. 


> 


3.2 
4 
ab 
2 
5.6 
0 
4 
3.0 
3.9 
4 


between Tables XII and XIII is striking and sub- Part of the change noted can be correlated with 
stantiates the earlier conclusion that there are change in instrumentation. From 1891 to 1920 the 
datum shifts associated with periods of operation. pendulums used were of aluminum-bronze ma- 
terial and a flash apparatus was used for deter- 

TaBLe XII. AVERAGE Error USC&GS PENDULUM mining the coincidence of the pendulum beats and 
STATIONS IN MIDWEST AREA chronometer ticks. In 1921 invar pendulums were 


Year of Pendu- No. of Average Deviation = es 
lum Work Observations Rel. Gravimeter 
1890-1930 1 

1932 
1934 
1936-1939 
1940-1941 
1948 


+2.3 mgals Year of Pendu- No. of Average Deviation 
—3.5 lum Work Observations _Rel. Gravimeter 
—0.3 1890-1930 26 +2.5 mgals 
1936-1939 3 —0.6 
1948 +2.8 
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adopted and radio time signals replaced star ob- 
servations in determining the pendulum period. 
In 1931 another change was made in instrument 
design and it is coincidental with this change in 
apparatus design that the apparent shifts in 
datum with operational field season becomes 
apparent. 


CONCLUSION 


The present study not only furnishes reliable 
control to 0.1 mgal for future gravity studies and 
adjustment of old gravity surveys to a common 
datum and calibration standard, but also makes 
it possible through anomaly comparisons to effec- 
tively adjust old gravity surveys for which the 
original data are not available or have been mis- 
placed or lost. 
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APPENDIX 


I. Results on North American Stand- 
ardization Range. 

. Gravity Results at 
Stations. 

.L and R Geodetic No. 1 Airport 
Gravity Base Stations. 

University Gravity Base Stations. 
V. Gravimeter Occupations of Pendu- 


Table 


Table I Main Control 


Table Il 


Table IV. 

Table 
lum Stations. 

Table VI. Harbor Gravity Base Stations. 

Table VII. L and R Geodetic No. 1 Airport 
Stations. 

Table VIII. Principal Facts Pendulum 

(Reoccupied). 

Comparison of L and R Geodetic No. 

1 with Adjusted 1958 Values. 

Principal Facts Woollard 1958 (Ad- 

justed) Airport Stations. 


Stations 
Table IX. 
Table X. 
Table XI. 


Comparison L and R Geodetic No. 1 
vs. USC and GS Pendulum Values. 


Note: In the above tables the station numbering 
system used is as follows: 

U series: Sites originally occupied by the U. S. 
Coast and Geodetic Survey with single pendulum 
apparatus. 

GW series: Sites originally occupied by the Uni- 
versity of Wisconsin with the compound quartz 
pendulum apparatus developed by the Gulf Re- 
search and Development Company. 

C series: Sites originally occupied by thé La- 
mont Geological Observatory of Columbia Uni- 
versity with the compound submarine pendulum 
apparatus developed by F. Vening Meinesz. 

WA series: Airport sites occupied by the Uni- 
versity of Wisconsin with gravimeters. 

WH « series: Harbor sites occupied by the Uni- 
versity of Wisconsin with gravimeters. 

WU series: University and other institutional 
sites occupied by the University of Wisconsin 
with gravimeters. 
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EFFECT OF POROSITY, GRAIN CONTACTS, AND CEMENT ON COM- 
PRESSIONAL WAVE VELOCITY THROUGH SYNTHETIC SANDSTONES* 


BERG, Jr.,t ann KENNETH L. COOK§ 


ANDRIS VIESNE,{t JOSEPH W. 


Abstract: Compressional wave velocities through 36 synthetic sandstone cores were measured and related to several 
of their physical properties, namely, porosity, manufacturing pressure, grain contacts, and amount of cement. The 
cores were composed of Ottawa sand grains averaging 0.21 mm in diameter and commercial Grefco cement; the 
manufacturing pressure was varied from 4,000 to 10,000 psi; the cement content by volume was varied from 10 to 
100 percent; the effective porosities ranged between 2.1 and 30.4 percent; and the compressional wave velocities 
ranged between 9,170 and 17,420 ft.sec. All velocity measurements were taken at room temperature and atmos- 
pheric pressure using cores that contained only air in the pore space. 

The results are presented in graphic form, showing the relationship between the compressional wave velocity and 
manufacturing pressure, porosity, and cement content. For Grefco cement contents between 10.0 and 17.5 percent, 
the compressional wave velocity is controlled by the manufacturing pressure and the porosity. A change in manu- 
facturing pressure of 1,000 psi changed the compressional wave velocity by one percent for cores having porosities 
of about 23 percent and by about 3 percent for cores having porosities of about 28 percent. A decrease in porosity 
of one percent increased the velocity by an average of 1.4 percent for effective porosities between 23 and 26 percent. 
The velocity is also dependent, to a great extent, on the number of grain contacts which is intimately associated with 
the manufacturing pressure, and the cement content which is intimately associated with the porosity. For cement 
contents greater than 17.5 percent by volume, the sand grains float in the cement, and the analogy between the 
synthetic sandstone cores and natural sandstones is questionable. 


INTRODUCTION of elastic waves through the cores was studied as 
a function of the porosity and the propagational 
velocity of compressional waves through the 
of the physical properties of synthetic sandstone 

fluid filling the pore space. From experimental re- 
cores and to determine their relative importance 
sults, it was concluded that the velocity through 
in controlling the compressional wave velocity 


The object of this research was to isolate some 


: : ace the cores was dependent upon the porosity and 
through the cores. Neglecting the fluid in the pore easel 

: i ‘ the type of fluid in the cores, and that the type 
space and the temperature of the frame, the major ; : 
: and amount of cement apparently had some et- 


factors that control the compressional wave 
fect on the propagational velocity of the elastic 


velocity through sandstone are thought to be the 
waves through the cores. 
porosity, the pressure on the frame, the grain sel : : 
Previous work has been done on interrelating 
contacts, the amount and type of cement, and the 
aig : fe the depth of burial of sandstones, compaction, 
grain size. Many of these variables cannot be con- ) : oe ames. 
: cae : porosity, and grain contacts. Taylor (1950) cor- 
sidered as independent, and the first and second 
7 be diff ; “aly t] h related the depth of burial of sandstones with the 
order effects can be differentiated mainly throug 
number and type of grain contacts (1.e., tan- 
experimentation. gential, long, concave, and convex), and showed 
Murphy et al (1957) conducted compressional that an average linear relationship exists be- 
wave velocity studies using synthetic sandstone — tween the depth of burial and the number of con- 
cores composed of sand grains and commercial — tacts per grain. It was shown by Gaither (1953) 


cements. In this study, the propagational velocity _ than an artificial sandstone composed of sand and 


of Utah. 
+ Formerly University of Utah; now with Texaco Inc., Salt Lake City, Utah. 
t Formerly University of Utah; now with Institute for Defense Analyses, Washington, D.C. 


§ University of Utah, Salt Lake City, Utah. 


* Manuscript received by the Editor November 2, 1959. Contribution No. 18, Dept. of Geophysics, University 
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Lakeside 70 cement had undergone compaction if 
it had a porosity of about 37 percent or less, an 
average number of contacts per grain in excess of 
0.85, floating grains less than 46 percent, and 
grains with four or more contacts present. Float- 
ing grains represent grains that are completely 
surrounded by cement. 

Hughes and Jones (1950) found that in igneous 
rocks the increase of propagational velocity of 
elastic waves with an increase in pressure was 
much greater at low pressures than at high pres- 
sures, where the rate of increase becomes essen- 
tially linear. They believed that the initial in- 
crease in velocity is due mostly to the closing of 
the pore space. 


EXPERIMENTAL METHODS 


The instrumentation used in this investigation 
is the same as that used by Murphy et al (1957 
Throughout the investigation, only the first ar- 
rival was used which represented the direct com- 
pressional wave through the core. The travel time 
through an aluminum cylinder was employed as a 
standard before any measurements were taken. 
Five measurements of velocity were made and 
averaged for each core to obtain the final velocity. 
All measurements of velocity were made using 
dry cores at room temperature and atmospheric 
pressure. Porosities were determined by standard 
vacuum techniques, and all porosities referred to 
in this paper are effective porosities. 

In the manufacturing of the synthetic cores, a 
method was followed as described by Mandel 
and others (1957). A single type of cement was 
used which is commercially known as Grefco and 
consists of calcium and aluminum oxides in a one- 
to-one ratio. The quartz sand grains used came 
from the Ottawa sandstone, and as observed 
under a microscope, ranged from 0.10 mm to 0.45 
mm in diameter, with an average diameter of 
0.21 mm. The grains are rather uniform in size 
and shape, and their dimensions are well within 
the range of those of natural sandstones. 

Cores were made containing 10.0, 12.5, 15.0, 
17.5, 20.0, 40.0, 60.0, 80.0, and 100.0 percent 
cement by volume, respectively; all cement con- 
tents referred to in this paper are cement con- 
tents by volume. Manufacturing pressures of 
4,000, 6,000, 8,000, and 10,000 psi were used dur- 
ing the manufacture of the cores. The term ‘‘man- 
ufacturing pressure,’’ as used here, indicates the 


maximum pressure to which the wet sand-cement 
mixture was subjected during the manufacture of 
the cores. After this amount of pressure had been 
applied for about five minutes, the core was taken 
out of the core barrel and allowed to harden for 
about 24 hours at atmospheric pressure in an 
oven at about 95 degrees C. The dried core was 
then weighed, flooded with distilled water, and 
dried in the oven again. The entire procedure was 
repeated until the core came to within a few milli- 
grams of a constant weight. 

For each percentage of cement, at least one 
core was made for each of the four different man- 
ufacturing pressures. Thus a total of more than 36 
cores were made and used in this work. 

An attempt was made to manufacture cores 
below a pressure of 4,000 psi, but the cores were 
friable and no permanent cores could be obtained. 
The effective porosities of the synthetic cores 
ranged from 2.1 to 30.4 percent. The effective 
porosity includes both the interstitial porosity 
and the porosity of the cement itself. Above a 
cement content of approximately 17.5 percent, it 
is rarely possible for individual grains to touch 
even at one point because of the large amount of 
cement present, and hence they are mostly float- 
ing grains. 


EXPERIMENTAL RESULTS 


The propagational velocities of the compres- 
sional waves through the synthetic cores ranged 
between 9,170 and 17,420 ft/sec, when the manu- 
facturing pressure varied from 4,000 to 10,000 
psi and the cement content by volume varied from 
10 to 100 percent, respectively. 

Figure 1 shows the plot of the velocity versus 
the manufacturing pressure for the total cement 
content range of 10 to 100 percent. The graph 
shows that after a certain increase in manufactur- 
ing pressure, the velocities apparently tend to- 
ward limiting values. The curves representing 
large cement contents tend toward high limiting 
velocities. This observation indicates that the 
cement content is an important consideration at 
all manufacturing pressures. For cement con- 
tents of 17.5 percent or less, the close spacing of 
the curves in Figure 1 indicates that the apparent 
limiting values of velocity are probably influ- 
enced by the bridging effects of the sand grains 
(grain-to-grain contacts). The wide spacing of the 
curves for 17,5 and 20.0 percent cement content 


3 

3 
: 
Me 
: 


00 


60.9 
V 
16 
Cement 
Content 
15 | 
40.0% 


VELOCITY (FT/SEC X 10°3) 


1, 
Yo 
e 
10} 49° 
| 
| 
0 2 4 6 8 10 


MANUFACTURING PRESSURE (PSI X 107 ) 
Fic. 1. Compressional wave velocity versus manu- 
facturing pressure for synthetic sandstone cores with 
different cement contents by volume. 


by volume, indicates a transitional zone in which 
the effect of the cement is more predominant at 
20.0 percent than at 17.5 percent in controlling 
the velocity. Murphy et al (1957) showed that 
some of the sand grains of a synthetic core were 
floating when the core contained 20 percent or 
more cement by volume. It is believed therefore 
that the wide spacing of the curves between 17.5 
and 20.0 percent cement in Figure 1 indicates 
that the sand grains start floating at approxi- 
mately 17.5 percent cement by volume. Although 
in this paper data are presented for cement con- 
tents above 17.5 percent by volume, the analyses 
of the data, in terms of the effects of porosity and 
manufacturing pressure on compressional wave 
velocity, are restricted to cores containing 17.5 
percent cement by volume and less. For cement 
contents by volume greater than 17.5 percent, 
the analogy between such synthetic sandstone 
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cores and natural sandstones is questionable.! 
For all cement contents at any given manufactur- 
ing pressure, the curves in Figure 1 indicate that 
the frame of the core with a cement-sand mixture 
has continuously lower velocities for increasing 
amounts of sand, and hence has lower values of 
elastic constants than the pure cement. 

Figure 2 shows a series of plots of the velocity 
versus the effective porosity in percent at constant 
cement contents. The data used for plotting these 
graphs are identical to that used for plotting Fig- 
ure 1. For graphs A, B, C, and D, the porosity 
range is between about 20 and 30 percent, and the 
cement contents of the cores are 10.0, 12.5, 15.0, 
and 17.5 percent, respectively. For these four 
graphs, the velocity appears to increase linearly 
with a decrease in porosity; the approximation 
by a straight line shown for each of these four 
graphs is drawn by the least square method 
through the points. For the assumed linear rela- 
tionships shown on Figures 2A, 2B, 2C, and 2D, 
the magnitudes of the slopes of these lines are 
270 ft/sec, 360 ft/sec, 306 ft/sec, and 332 ft/sec 
per one percent change in porosity for the four 
cores containing 10.0, 12.5, 15.0, and 17.5 per- 
cent cement, respectively. If a velocity of 10,000 
ft/sec is assumed to be the average for all graphs, 
the changes in velocity for a one percent change 
in porosity are 2.7, 3.6, 3.1, and 3.3 percent for the 
above respective percentages of cement. These 
results show that in the porosity range between 
about 20 and 30 percent, the velocity increases 
approximately 3 percent for a one percent de- 
crease in porosity, provided the changes in manu- 
facturing pressure are neglected. The above slopes 
vary by less than one percent change in velocity 
per one percent change in porosity when the ce- 
ment content varies between 10.0 and 17.5 per- 
cent. 

For the remaining plots in Figure 2, the sand 
grains are floating in the cement, and no de- 
tailed analysis was made of these data. 

In Figure 3, the velocity is plotted versus the 
manufacturing pressure at constant values of ef- 
fective porosity of 23, 24, 26, and 28 percent, re- 


1 There exists a difference in the type of grain con- 
tacts between the synthetic cores used in this research 
and natural sandstones. In the synthetic cores, the 
grains may not really touch each other as there exists 
a film of cement that coats each grain. In most natural 
sandstones, no such cement coating exists; rather the 
cement is present in the interstitial space only. 
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spectively, for cement contents of 17.5 percent or 
less. Cores of the same porosity have been grouped 
together. Each of the four plots shows that the 
velocity increases nearly linearly with an increase 
of manufacturing pressure, even though the ce- 
ment content decreases. Thus, this observation 
indicates that, for cement contents between 10.0 
and 17.5 percent, the amount of Grefco cement 
has less influence on the velocity than the manu- 
facturing pressure. Assuming the linear relation- 
ships shown on graphs A, B, C, and D in Figure 3 
for the purpose of the following analysis, the 
reciprocal slopes for the lines shown on these 
graphs are 185 ft/sec, 272 ft/sec, 300 ft/sec, and 
540 ft/sec for a manufacturing pressure differen- 
tial of 2,000 psi at porosities of 23, 24, 26, and 28 
percent, respectively. Assuming a velocity of 
10,000 ft/sec to be average for all graphs and nor- 
malizing with respect to a pressure differential of 
1,000 psi, it is calculated that an increase of man- 
ufacturing pressure of 1,000 psi increases the ve- 
locities by 0.9, 1.4, 1.5, and 2.7 percent at poros- 
ities of 23, 24, 26, and 28 percent, respectively. It 
should be noted that for corresponding changes in 
the manufacturing pressure, the velocity is in- 
creased three times as much at the higher poros- 
ities than at the lower porosities. 

To obtain the way in which the velocity varies 
as a function of porosity, the graphs of Figures 2 
and 3 were compared. As an exampie, on graph 
C of Figure 2 the velocity varies from about 
10,900 ft/sec at 22.8 percent porosity to 10,400 
ft/sec at 24.2 percent porosity. On this same 
graph and for these values, the manufacturing 
pressure varies from 8,000 to 6,000 psi. Thus, the 
porosity variation and the manufacturing pres- 
sure variation combine to cause a variation of 500 
ft/sec in velocity. On graph A of Figure 3 for a 
porosity of 23 percent, a manufacturing pressure 
of 8,000 psi on the abscissa corresponds to a ve- 
locity of 10,750 ft/sec on the ordinate, and a 
pressure of 6,000 psi on the abscissa corresponds 
to a velocity of 10,500 ft/sec on the ordinate. 
Thus, from Figure 3 a pressure differential of 
2,000 psi causes a 250 ft/sec variation in velocity 
for a core of 23 percent porosity. If this effect of 
manufacturing pressure variation is subtracted 
from the data obtained from graph C of Figure 2, 
the porosity variation of 1.4 percent results in a 
net velocity variation of 250 ft/sec. Normalizing 
with respect to a one percent porosity and a ve- 


A. VIKSNE, J. W. BERG, JR., AND K. L. COOK 


locity of 10,000 ft/sec, the velocity is calculated 
to increase by 1.8 percent for a one percent de- 
crease in porosity for cores having approximately 
23 percent porosity. Similarly, using graph B on 
Figure 2 and graph C on Figure 3, the velocity is 
calculated to increase by 1.5 percent for a one 
percent decrease in porosity for cores having ap- 
proximately 26 percent porosity. Using graph B 
on Figure 2 and graph B on Figure 3, the velocity 
is calculated to increase by 1.0 percent for a one 
percent decrease in porosity. For this calculation, 
the pressure range was between 8,000 and 10,000 
psi. By this method of analysis the above calcula- 
tions show that the velocity increases by an aver- 
age of approximately 1.4 percent for a porosity 
decrease of one percent, for the synthetic cores 
having effective porosities between 23 and 26 
percent. 

A study of the thin sections in conjunction with 
the graphic data of this investigation suggests 
that the increase in velocity with an increase in 
manufacturing pressure is caused by the concur- 
rent increase in the number of grain contacts and 
the compaction of the cement. For a cement con- 
tent of 15 percent by volume, the average num- 
ber of grain contacts increased from values of 0.5 
to 1.0 per grain at a manufacturing pressure of 
4,000 psi to values of 2 to 3 per grain at a manu- 
facturing pressure of 10,000 psi. The increase in 
the average number of grain contacts would 
make the core more elastic, and an increase in 
velocity would be expected. However, it should 
be remembered that in any synthetic sandstone 
the grains are forced into closer contact by an in- 
crease in the manufacturing pressure. Therefore, 
the effects of the number of grain contacts and of 
the manufacturing pressure cannot be separated 
and must be treated as a combined effect. 

Figure 4 shows the plot of the velocity versus 
the cement content for synthetic cores manu- 
factured at a manufacturing pressure of 10,000 
psi. For cement contents between 10.0 and 17.5 
percent, the velocity apparently increases lin- 
early with increasing cement content. It is noted 
that a definite change takes place in the propa- 
gational velocity—and hence the elastic proper- 
ties of the core—for cement contents between 
17.5 and 20.0 percent. In this cement content 
range, the thin sections show that the grains start 
floating in the cement (Murphy et al, 1957, p. 
814). For cement contents greater than 20.0 per- 
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cent, the velocity apparently increases non-lin- 
early as the cement content increases. 

Figure 5 shows the plot of velocity versus the 
cement content obtained using synthetic cores 
with Grefco cement at manufacturing pressures 
of 4,000 and 10,000 psi. The cement content 
varies from 10.0 to 17.5 percent. It will be noted 
that if the average variation of velocity (namely 
250 ft/sec) with change in porosity of 1.4 percent 
(see page 82) is considered for these data, porosity 
effects would account for the entire variation of 
velocity with cement content shown on Figure 5. 

When increased amounts of this cement are 
used to manufacture cores, it affects the porosity 
mainly by filling the pore space with a high ve- 
locity material and concurrently strengthening 
the core which increases the velocity through the 
core. The fact that the effect of variations in ce- 
ment content and porosity are interdependent is 
particularly evident on Figure 5. Also, the effects 
of variations in cement content (and the concur- 
rent variations in porosity) on the velocity differ 
from the effects of variations in manufacturing 
pressure and porosity (see Figure 2) on the veloc- 
ity because an increase in the manufacturing pres- 
sure affects the core in two ways: (1) it changes 
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the relative positions of the grains and affects the 
grain contacts, and (2) it squeezes cement into 
the pore space of the core. Provided different 
pressures do not produce different qualities of 
cement, it would be expected that the effect of 
(2) as calculated from Figures 2 and 3 (see page 
82) would be nearly equivalent to the effect of ce- 
ment content on velocity as shown on Figure 5. 
If this filling of the void space with cement is con- 
sidered as primarily responsible for the decrease 
in porosity—note that (1) can slightly change the 
porosity also—the velocity increases by an aver- 
age of 1.4 percent and 0.9 percent for a one-percent 
decrease in porosity as computed from Figures 2 
and 3 and Figure 5, respectively. These differ- 
ences are within experimental error and addi- 
tional refinements are not considered. Thus, it 
would seem reasonable to conclude that, for these 
experimental conditions, a decrease in porosity of 
1 percent (for porosities between 23 and 28 per- 
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cent) increases the velocity by approximately 1 
to 2 percent. Further, when cements having dif- 
ferent properties cause variations in_ porosity, 
the concordant variations in velocities are de- 
pendent on the cements that are used (see 
Murphy et al Figure 2). 


CONCLUSIONS 


For synthetic sandstone cores containing be- 
tween 10.0 and 17.5 percent of Grefco cement by 
frame volume and within the limits of these ex 
periments and analyses, it has been established 
in this investigation that the compressional wave 
velocity is controlled by the manufacturing pres- 
sure and the porosity. A change in manufactur- 
ing pressure of 1,000 psi changed the compres- 
sional wave velocity by one percent for cores hav- 
ing porosities of about 23 percent and by three 
percent for cores having porosities of about 28 
percent. A decrease in porosity of one percent in- 
creased the velocity by an average of 1.4 percent 
for porosities between 23 and 26 percent. 

The graphical data and the thin sections of the 
synthetic cores indicate that a transitional stage 
in the cores occurs for cement contents of 17.5 
and 20.0 percent. At this critical stage, and as the 
amount of the cement increases, the grains start 
floating in the cement and the elastic constants of 
the rocks become increasingly dependent on the 
characteristics of the cement. 

For the synthetic cores used in this research 
containing 17.5 percent cement content or less, 
the velocity is dependent, to a great extent, on 
the number of grain-to-grain contacts which is 
intimately associated with the manufacturing 


pressure. 
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REVIEW ARTICLES 


The present editorial staff has recognized during its first year of operation 
that a practical difficulty exists in accepting manuscripts for publication. 
There exists on the one hand the requirement that manuscripts present some- 
thing new. This is an obvious requirement to prevent the repetition of ma- 
terial. On the other hand, there is recognized a demand for subject matter | 
which would be useful to our student members and to many of our associate 
members, subject matter which is not new but which, nevertheless, does not 


appear in textbooks or in other good collated form. 

A pertinent name for this group of subject matter would be “Review 
Articles.”’ Excellent articles of;this type have appeared from time to time in 
Gropuysics, a recent one being “A Review of Geophysical Instrumentation,” 
by W. T. Born (Gropuysics, Vol. XXV, p. 77, 1960). 

The editorial staff, therefore, is initiating with this volume a special section | 
under the heading ‘‘Review Articles,” in which will appear from time to time 
articles which are not appropriate to the main body of Gropuysics. More- 
over, a prime reason for this separate identification is the anticipation of the 
day when these articles can be grouped into a special volume entitled “Review 


Articles from GropHYSICs.’ 
The Editor 


ANOMALOUS EVENTS ON THE REFLECTION SEISMOGRAM* . 


DAVID S. SEABROOKET 


Abstract; Anomalous events, i.e., events other than simple reflections, are becoming more and more evident with 
the advent of magnetic tape and the various types of display sections such as variable area, variable density, full 


trace, etc. Recognition of these events, such as multiple reflections, diffractions, etc., is of considerable importance i 

if the interpreter is to make optimum use of his data. A knowledge of the characteristics of the anomalous events - 

likely to be encountered aids in their identification. Simple parameters, viz., arrival time, apparent dip stepout and : 

ae normal moveout, readily obtained from the reflection seismogram, may be used to enable the problem to be ap- i 
le proached quantitatively. Under the general headings: direct, refracted, reflected, and diffracted energy, air waves, i 
é surface waves, ghost reflections, simple multiples, complex multiples, diffractions, reflected refractions and refracted 7 


reflections are discussed. An example of a simple analytical attempt to solve an unusual offshore multiple problem 
is briefly described. 


INTRODUCTION finer points of interpretation. More and more 
does he find it opportune and moreover desirable 


With the advent of magnetic tape and the vari- 
to look beyond the conventional reflections on 


ie ous types of display sections—variable area, vari- 
able density, full trace, partial trace—to mention 
a few, the seismologist finds himself in a position 
to devote more time to what might be termed the — to identify, nevertheless can contribute much to 


his seismogram, to the so-called anomalous 


events, which though often obscure and difficult 


* Presented at the 29th Annual Meeting, Los Angeles, California. Manuscript received by the Editor May 29, 1960, : 
+ Bolivia California Petroleum Co., Cochabamba, Bolivia. " 
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the quality of his interpretation. This paper aims 
at briefly describing the various anomalous events 
encountered from time to time on the reflection 
seismogram, pointing out their significance and 
suggesting here and there a method of identifica- 
tion. No attempt has been made to treat so large 
a subject exhaustively. 


ANOMALOUS EVENTS 


It is convenient for our purpose to place the 
seismic energy resulting from a subsurface ex- 
plosion into four principal categories, viz. direct, 
refracted, reflected, and diffracted energy. Events 
recorded on the conventional reflection seismo- 
gram may be not only the visual effect of each of 
these types of energy reaching the surface of the 
ground, but the combined effect of two or more. 

In general the anomalous events to be found 
on the seismogram are due to energy being either 
reflected or diffracted. Refraction, which strictly 
speaking is an essential part of the normal reflec- 
tion process in a heterogeneous medium, may also 
play a major role in producing an anomalous 
event. Such an event is the refracted reflection 
probably encountered where media of sharply 
contrasting elastic moduli occur side by side such 
as across some faults of fairly large movement. 

We shall now examine the events associated 
with the various types of energy already listed. 


Direct Energy 

Direct Energy (e.g. air waves and surface 
waves) is generally easy to recognize. 

Air waves may appear on the seismogram when 
a charge is detonated too near the surface, or as 
the result of casing or debris being blown out of 
the shot hole and making impact with the ground. 
The resulting event can be identified by its large 
move-out representing a velocity equal to that of 
sound in air. 

Surface waves generally occur in the form of so- 
called (and undesirable) ground roll. These waves 
are probably primarily of the Rayleigh type, a 
combined longitudinal and transverse wave with 
its plane of oscillation at right angles to the sur- 
face and parallel to the direction of the propaga- 
tion. In many cases the surface wave shows char- 
acteristic frequencies that are much lower than 
those of reflections and this aids in their identifi- 
cation. Since the ground roll often has a velocity 
more or less equal to the weathering velocity it 


also can be identified by its large move-out. The 
peculiar characteristics of the surface wave sug- 
gest means for its elimination, and procedures 
by which this is achieved are fairly standard. 
They include filtering, compositing, multiple geo- 
phones and offset of shotpoint. 

The direct wave is not necessarily undesirable. 
For example in offshore seismic surveys where the 
velocity of sound in water is often of the same 
order as that in the underlying formation, and be- 
cause it often becomes necessary to place charges 
close to the surface in order to eliminate the ‘‘bub- 
ble effect,’ direct energy provides the “‘first 
breaks,” the energy travelling through the water 
medium. In this particular instance the direct 
wave plays an important and necessary part in 
determining the location of the shot with respect 
to the seismometers. 


Refraction Energy 

Refracted energy usually takes the form of 
first arrivals on the reflection seismogram and 
performs a definite function in interpretation. In 
instances where long spreads are employed for 
velocity measurements, or if shotpoint offset is 
considerable, refractions may be recorded from 
below the weathered layer and interfere with the 
reflected energy. This imposes one limiting factor 
on the practical length of reflection spreads. 


Reflection Energy 


Reflected energy forms the principal source of 
useful recorded data, and occasionally the princi- 
pal source of anomalous events, the multiple re- 
flection. 

Multiple reflections are often placed in various 
categories: the ghost reflection (Figure 1), or a 
multiple composed of energy from the shot first 
travelling upwards, then being reflected, usually 
from the base of the weathering, down into the 
section where it is again reflected; the simple 
multiple, comprising a normal reflection at an 
interface followed by reflection at the surface or 
near surface, this in turn followed by reflection 
once more at the interface; complex multiples 
where more than two interfaces are involved 
(Figure 2). 

Ghost reflections produce interference resulting 
from the out of phase relationship between the 
normal down travelling incident wave and the 
ghost. The effect is distortion of the wave form. A 
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TYPE 


MULTIPLE REFLECTIONS 
2 
SURFACE REFLECTOR 


REFLEC 


Fic. 1. Ghost reflection diagrammatically shown. 


method of demonstrating the existence of ghost 
reflections is to produce a synthetic seismogram 
by recording, by means of a single seismometer, a 


number of shots at various depths. Ghost and 
normal reflections will be indicated as alignments 
dipping in opposite directions (Figure 3). To elim- 
inate ghost reflections, seismograms from shots 
at different depth can be composited using mag- 
netic tapes, with a time shift equal to the dif- 
ference in shot depth divided by the appropriate 


PRINCIPAL SUBSURFACE REFLECTOR 


Fic. 2. Multiple reflections diagrammatically shown. 


velocity. Normal reflections will be added in 
phase, whereas ghosts will tend to cancel each 
other. 

Van Melle and Weatherburn (1953) have de- 
scribed how Primacord may be used both to dem- 
onstrate and eliminate ghost reflections. 

The Primacord was wound in the form of a ver- 
tical helix in such a way that the explosion kept 
pace with the seismic wave-front propagated in 
a vertical direction. It was found that when the 


Fic. 3. Six seismic records made from same hole showing ghost reflections converging on true reflections. 
(Hammond and Hawkins) 


Sac 

\e Sse 
SHOT 

4 


88 DAVID S. SEABROOKE 


detonator was placed at the top of the columnar 
charge no ghosts were recorded; when at the bot- 
tom, the ghosts predominate, due to the break- 
ing up of the direct wave. 

Some interesting observations on ghost reflec- 
tions have been made by Hammond and Hawkins 
(1958). The authors conclude that “ghost reflec- 
tions probably cause more variation in record 
character between successive shots and between 
successive holes than any other factor.”’ 

Simple multiples are probably the easiest to 
identify. In some instances an erratic dip on the 
seismic section will indicate the presence of the 
multiple. Simple multiples have more or less a 
direct dip and depth relationship with the pri- 
mary, provided the primary has small dip. In 
other words, a first multiple will appear to be at 
approximately twice the depth of the primary re- 
flection and have roughly twice the dip; second 
multiples will have roughly three times the depth 
and dip; and so on. 

Where the length of spread is sufficiently great 
another characteristic of the multiple may be 
used to advantage. Reflections arriving from rea- 
sonably shallow interfaces show marked curva- 
ture on the seismogram. The amount of curva- 
ture is referred to as normal move-out. For a flat 
reflector, normal move-out is defined as the dif- 
ference in arrival time between seismometers at 
the shotpoint and end of the spread respectively. 
It is evident that the normal move-out increases 
with increased spread length. 

For symmetrical split spreads and where dip 
is not excessive, normal move-out for either half 
of the spread can be closely approximated by 
taking half the algebraic sum of the move-out on 
either side of the shotpoint. That is, if 1, tie, tig, tes 
represent reflection times referred to seismometers 
1, 12, 13 and 24 respectively of a standard 24 seis- 
mometer split spread, then normal move-out 
Aty/2, is approximately equal to 


Z 


The quantity Ady, total normal move-out, has 
some useful properties (Seabrooke and Woo, 
1954). A very good approximation relating 
average velocity of travel V, spread length 2.x, 
normal reflection time ¢) (roughly the average of 
the two inside reflection times fy, 43) and normal 


move-out for reflectors of zero dip is: 


Aty 


Now a typical veiocity-depth function for many 
areas is given by the equation: 


V = Vo + 2kZ, 


where V is again average velocity to a reflector at 
depth Z, Vo is the initial velocity at the assumed 
datum plane i.e. where Z=0, and & is a constant 
(acceleration factor). 

We can combine these two equations to obtain 


the relation: 


\ toAty = x(1 V o. 


This represents a_ straight line of slope 
S=—kx/Vo, intercept J=x/Vo with fo abscissa, 
\ toAty ordinate. 

A graph of ¢) against toAty can be informative. 

Consider the case of a simple type multiple 
where energy reverberates between two parallel 
horizontal layers. If V=average velocity of the 
intervening medium, then it can be readily shown 
that the product of normal move-out and arrival 
time, fAty, is a constant. Thus, the graph of 
VtoAty against fo shows a straightline of zero 
slope where V =x// (Figure 4). 

For a seismogram of bona fide reflections only, 
the same graph gives a sloping line, its gradient 
and intercept being dependent on the particular 
velocity distribution (Figure 5). 

The conditions under which a line of zero slope 
will be obtained rarely occur on land, though in 
offshore work one encounters numerous excellent 
examples. Usually simple multiples when present 
are intermixed with bona fide events. The /toAty, 
to graph then shows an erratic distribution of 
points and a best straight line fit will give a slope 
varying from zero to that for no multiples. The 
effect of dip of the primary reflector is of course 
important (Figure 6); where this is small, say 5 
degrees or less, it can be neglected, but for larger 
values the added complication exists that the 
graphs for both bona fide and multiple reflections 
are essentially alike. It then behooves the inter- 
preter to use other criteria. The technique of in- 
specting the seismogram for repetition of wave- 
form has been successfully used by some. 

Under the heading Complex multiples we shall 
attempt to show how a combination of techniques 
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lic. 4. Graphical representation of seismogram containing largely multiple reflections. 


may be used in an effort to analyze a particularly 
troublesome multiple offshore area. 

Complex multiples are extremely difficult to 
identify. The apparent dip indicated by the com- 
plex or inter-bed multiple is dependent upon the 
dip of both reflecting interfaces. The ability to 
distinguish complex multiples from simple multi- 
ples or from bona fide events on the basis of erratic 
dip alone will in turn be dependent upon the 
normal dip-depth relationship encountered in the 
section, and also the particular interfaces involved. 
However normal move-out can be used to some 
advantage. Perhaps a brief account of an actual 


example will illustrate one way in which the prob- 
lem can be approached. Once more the seismo- 
grams examined were obtained from an offshore 
survey. In offshore work many of these phenom- 
ena occur in greater abundance than on land, 
thereby providing the seismologist with much use- 
ful data from which to increase his understanding 
of the subject. 

The existence of a severe simple multiple prob- 
lem in the area had been determined beyond 
reasonable doubt by some excellent examples of 
interbed reverberation as indicated on the /foAty, 
fy graphs, supported by obvious dip-depth rela- 
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lic. 5. Graphical representation of seismogram containing largely primary reflections. 
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Fic. 6. Use of image points to derive Aty, to relationship for multiple reflections from dipping reflector. 


tionships. However, many of the seismograms, 
though bearing strong resemblance in character 
and general appearance to those containing little 
but simple multiples, exhibited unusual Aty, to 
relationships. 

A line of interlocking profiles was taken, and 
graphs showing average velocity V (calculated 
from Aty) against fo for all reflections were made 
for each seismogram. Since the velocity distribu- 
tion in the general area was known from well 
data, it was possible to compare these graphs 
with a theoretical curve. In all, 17 seismograms 


were analyzed. The graphs were interesting. In 
general, scattering of the points was not excessive 
so that it was a relatively simple matter to deter- 
mine trends. At one end of the line the points in- 
dicated a decrease in average velocity with arrival 
time (Figures 7-11). Proceeding shotpoint by 
shotpoint successive graphs showed a gradually 


_ increasing acceleration factor, the seismograms at 


the other end of the line exhibiting a more or less 
normal looking increase in velocity with arrival 
time (Figures 12-16). From a point of view of 
appearance, nearly all seismograms were quite 
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(Legend for Figures 7-11 follows on page 92) 
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Fic, 7-11—Graphs from seismograms showing decreas 
in average velocity with time (one end of line). 


similar. It was difficult to believe that certain 
seismograms could contain largely multiple reflec- 
tions and adjacent ones largely bona fide events. 
A migrated dip section prepared on the assump- 
tion that all events were bona fide reflections gave 
some indication that multiples were present as 
evidenced by the crossing of dip segments at 
depth where a slight turnover occurred near the 
surface. Dip along the line was rather gentle and 
the apparent increase with depth, though some- 
what uniform, was not necessarily suspicious. 

The nature of the V, to graphs gave the prob- 
able explanation, later to be supported by in- 
spection of the seismograms. Here is a typical line 
of reasoning applied to one particular V, fo graph 
that showed a decrease in average velocity with 
arrival time (Figure 9): 


(1) Multiples are present from a small number of 
relatively shallow primaries as evidenced by the 
low average velocities. 

(2) Both simple and complex multiples might be 
present as suggested by the slight slope of the 


V curve. 

(3) The general decrease in average velocity with 
reflection time would indicate the path of com- 
plex multiples to consist of an initial reflection 
from a relatively shallow bed followed by re- 
peated reverberations between a shallower re 


Fic. 13 


(Legend for Figures 12-16 follows on page 93) 
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Fic. 12-16. Graphs from seismograms showing in- 
crease in average velocity with time (other end of same 
line). 

flector and probably the surface. Thus the value 
of V from each successive multiple gradually 
decreases, starting with the average velocity to 
the primary (deeper) reflector and approaching 
the average velocity to the secondary (shallower) 
reflector. 

Upon examination of the seismogram (Figure 
17) it was found that, from the point of view of 
arrival time and character, though events per- 
sisted to at least 3.0 sec., there was probably little 
of value beyond 0.6 sec. Five closely spaced ap- 
parently bona fide reflections were present at the 
front end of the seismogram, say A, B, C, D, E. 
Reflection B was of considerable amplitude and 
provided a series of simple multiples between re- 
flector B and the air-water interface. The time 
intervals between these multiples constituted a 
number of ‘“‘windows.”’ Through the first of these 
windows appeared the primary events C, D, E. 
Through subsequent windows were to be found 


complex multiples formed by the initial reflected 


energy from reflectors A, C, D and E reverberat- 
ing between the surface and reflector B. 
Velocities and densities were assigned to the 
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Fic. 17. Seismogram and theoretical synthetic showing multiple reflections, average velocity decreasing 
with time (refer Figure 9). 


layers A, B, C, D, E, and corresponding reflection 
coefficients derived and used to make a synthetic 
seismogram. The latter is shown diagrammati- 
cally above the seismogram in Figure 17. 

Other seismograms were analyzed in similar 
fashion. The process was essentially the same in 
all cases. Lateral changes of reflection coefficient 
resulted in a shift of emphasis. Where average 
velocity appeared to increase with arrival time, 
the interbed multiples were confined to an inter- 
val of relatively high velocity. Figure 18 shows the 

ismogram from which the data in Figure 12 
have been derived. On this seismogram dip step- 
outs were somewhat larger than seen in Figure 17 
described above. They were also rather erratic, 


that is to say there was no obvious dip-depth 
relationship in evidence. This was also one of 
those seismograms which exhibited a general in- 
crease in average velocity with reflection time. 
The following is extracted from a report on the 
study of the problem and illustrates the manner 
in which the various evidence was utilized: 


“In attempting to interpret seismogram 12, the 
obvious approach is to first consider the most simple 
model, then introduce additional layers as required. The 
relatively low average velocities indicated by the delta-t 
analysis suggest a fairly shallow interval for the inter- 


bed multiples. Assuming reflector B to be one necessary 
element we must search for a deeper layer of adequate 
dip to satisfy the dip stepout conditions. Reflector E 
appears suitable. In selecting reflector E as a second 
element we are implying that between shotpoints 8 and 
12, transition has taken place in terms of reflection 
coefficient. A sand development appears to be the most 
likely explanation. The model at this stage differs only 
slightly from that selected for seismogram 8, the im- 
portant change being the increased reflection coefficient 
attributed to reflector E. A study of the predicted events 
from this simple model indicates that we need introduce 
no additional layers to interpret the salient features of 
the seismogram. Even the seemingly erratic dips can 
be rationalized in terms of interbed multiples. We con- 
clude therefore that the events on this seismogram consist 
largely of simple and complex multiples from relatively 
shallow source, and that the useful data are probably con- 
fined to the first 2000 ft.” 


Close comparison of the entire series of seismo- 
grams revealed subtle changes in reflection quality 
from shotpoint to shotpoint, some reflections 
gradually growing weaker, while others increased 
in strength. 

Before proceeding to the next topic, diffrac- 
tions, it should be pointed out that outstanding 
reflectors of high reflection coefficient are not 
essential for the multiple process to be possible. It 
can be demonstrated that a series of thin beds 
each of which has relatively small acoustic im- 
pedance can combine to simulate a strong reflec- 
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Fic. 18. Seismogram (with model) showing multiple reflections, average 
velocity increasing with time (refer Figure 12). 


tor capable of sustaining numerous multiples. 
Thus, in the examples given above, whereas the 
low reflection coefficients assumed in Figures 17 
and 18 were reasonable for the area, no known 
beds existed to provide the higher values neces- 


sary. However, sand-shale sequences capable of 


simulating a single strong reflector were not un- 
common and these are presumed to provide re- 
flectors B in Figure 17, B and E in Figure 18. 


Diffraction Energy 

Diffractions have been defined thus: “‘The term 
diffraction is used to designate a phenomenon 
that occurs when travelling waves strike the edge 
of an obstacle in their travel path. It can be shown 
theoretically that the edge reradiates the incident 
energy as if the edge were a source of sound.” 
Faults, pinchouts, reef edges, sudden facies 
changes, abrupt changes in dip, etc. may act as 
obstacles and produce diffractions. 

Though it is difficult to distinguish between 
bonafide reflections and diffractions on a seismic 
record, certain criteria can be applied. Dix (1952) 
points out as one of the distinguishing character- 
istics of a diffraction the excessive normal move- 
out as compared with a true reflection, since the 
origin of the diffraction is much shallower than 


the image point of the reflection. Possible diffrac- 
tions may be identified by comparing the normal 
move-out of the event with that of a true reflec- 
tion at half the arrival time. 

Hagedoorn (1954) has introduced the concept 
“curve of maximum convexity” which is the ap- 
parent horizon formed by the diffracted energy 
(Figure 19). Such curves may be deduced from a 
wave front chart and can be of assistance in 
identifying diffractions (Figure 20). Record sec- 
tions, which enable the seismologist to view simul- 
taneously a large number of traces, should prove 
indispensable in locating curves of, maximum 
convexity. i 

Energy considerations are perhaps'the crux of 
the matter. It seems to be generally accepted, 
perhaps erroneously, that a diffraction will appear 
as a weak appendage to a bonafide reflection. 
Krey (1952) has worked out mathematically the 
rate of decay of the diffraction energy as a func- 
tion of distance. Discussing the occurrence of 
diffraction energy at faults he writes: “It can be 
shown, for instance, that the fault begins where 
the reflection amplitude is equal to half of the 
normal amplitude. But with the superposition of 
distorted waves and with modern techniques of 
full automatic gain control, it should be extremely 
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Fic. 19. Curve of maximum convexity or vertically 
plotted horizon from single reflecting point. 
(Hagedoorn) 


Fic. 20. Chart showing curves of maximum con- 
vexity, derived from wave-front chart. 
(Hagedoorn) 


difficult to recognize the true magni- 


tude of reflected impulses.” In fact 
Krey, in his paper, gives examples of ° 


diffractions at faults showing quite r¢ 
appreciable amplitude on the seismo- 

gram (Figure 21). Hagedoorn shows 

a half-curve of maximum convexity a3 
extending approximately 1.5  kilo- 
meters displaying appreciable signal 
strength (Figure 22). He comments: 
“The apparent variation of the 
energy along the curved event is cer- 
tainly no measure of its real energy 
content. The automatic volume con- 
trol of the recording instrument re- 
duces the amplitude to a certain level 
within a certain time lag. The event 
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Kic. 21. Diffraction at a fault. 


will appear strong only when it is strong relative 
to the noise background. This means that the ob- 


served fluctuating variation in energy refers to an 
inverse fluctuation of the recorded noise and not, 


necessarily, to a variation of the energy of the 


event.”” Others have similarly identified diffrac- 
tions which exhibit amplitudes comparable with 
other events interpreted as reflections. It is prob- 
able therefore that diffractions, especially in the 
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22. Seismic record section showing diffraction curve. 
(Hagedoorn) 


96 
4 
4 — 
' 
3 
> 


Fic. 23. Reflected refractions or near surface 
diffractions. (Ellis and Winterhalter) 


immediate area of the discontinuity, may appear 
indistinguishable from reflections insofar as sig- 
nal strength is concerned. 

Where diffractions are treated as reflections and 
accordingly migrated they often appear on a sec- 
tion as anomalous dips in the approximate posi- 
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tion of the discontinuity. Since it is usually 
desirable to locate such discontinuities (faults, 
reefs, etc.) as accurately as possible, recognition 
of a curve of maximum convexity and hence its 
apex becomes of considerable advantage. As has 
already been stated, record sections, where avail- 
able, with the aid of theoretical maximum con- 
vexity curves drawn to scale, should greatly assist 
in identifying diffracted energy. In the normal 
course of interpretation where data are trans- 
ferred from seismic records to migrated sections, 
one practical approach to the problem might be 
made by following this procedure: 

(1) Plot events suspected of being diffractions 
(excessive normal move-out, steep apparent 
dips etc.) vertically on the section, using 
end and center times and joining with 
straight lines. Use a suitable distinguishing 
mark to identify these events. 

(2) Attempt to fit one or several such events to 
a curve of maximum convexity derived 
from a wave-front chart. 

(3) Note the apex of the curve chosen. This 
locates the discontinuity. 


Reflected refractions are essentially diffractions. 
The term is generally applied to those abnormal 
events characterized by large stepout, low fre- 
quency and considerable energy content. These 
abnormal diffractions are probably produced by 
irregularities just below the surface; on land pre- 
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Fic. 24. Chart of curves of maximum convexity for reflected refractions. 
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Fic. 25. Nomogram for identifying reflected refractions. 


sumably at the base of the weathered layer, at sea 
in the ocean floor. Energy travels out from the 
shotpoint horizontally, strikes the obstacle and is 
diffracted, each point on the diffractor acting as 
a new source. Frequently considerable energy is 
contained in these events. Occasionally offshore 
seismograms have been encountered that contain 
exclusively reflected refractions. 

Reflected refractions from a single diffraction 
point should align themselves along a curve of 
maximum convexity. Ellis & Winterhalter (1956) 
show an excellent example of such a curve ex- 
tending across no less than 11 interlocking profiles 
(Figure 23). The curves of maximum convexity 


for reflected refractions differ from those previ- 
ously referred to for normal diffractions in that 
the velocity of travel is constant (Figure 24). 
This velocity may be determined by treating 
vectorally correlated events obtained from two 
spreads at an angle to each other and with a 
common shotpoint. Provided the diffracting point 
subtends a fairly acute angle with the seismometer 
spread, the reflected refractions will have essen- 
tially linear time-distance relationships. Ideally 
where the diffractor is in the line of spread a 
direct value of velocity can be obtained from a 
single component. 

Using appropriate curves of maximum con- 
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vexity the location of the obstacle can be accu- 
rately determined by fitting any two correlated 
events. Even where single components only are 
available it is possible, by treating a large number 
of events from a grid of intersecting lines, to 
obtain the most logical source for the reflected 
refractions. 

Another suggested application for these curves 
is in the identification of reflected refractions. 
Where a seismometer spread is located broadside 
to the diffractor, it may be difficult for the seis- 
mologist to distinguish between bonafide reflec- 
tions and reflected refractions, since the latter will 
no longer be characterized by large stepout. By 
noting the location of the apex of the curve of 
maximum convexity fitted to a more obvious ab- 
normal event, it becomes possible to select the 
appropriate seismogram and identify a reflected 
refraction previously picked as a reflection. 

Since a reflected refraction from a point source 
can be made to fit a curve of maximum convexity, 
the three quantities, arrival time fo, apparent dip 
stepout Afp and total normal move-out Aty, all 
readily obtainable from the seismogram, will 
serve to identify an event. 

Without going into details it can be shown that 
where 2a=spread length (split spread), V;=hori- 
zontal velocity of travel, then (approximately): 


4x? 2Atnto + Atp? 


constant for a given area. 


From this equation a simple nomogram (Figure 
25) can be constructed from which the likelihood 
of an event being a reflected refraction can be 
quickly established. 

REFRACTED REFLECTIONS 

Refracted reflections are simply reflections that 
undergo appreciable refraction before returning to 
the surface. Unconformities and faults may pro- 
vide sharp velocity contrast across adjacent inter- 
faces. This velocity contrast results in bending of 
the emergent ray and introduces an erroneous dip, 
It is quite conceivable that reverse dips might be 
recorded in the vicinity of a fault and lead to an 
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Fic. 26. Refracted reflections may lead to incorrect 
interpretation. Fault appears displaced to the right 
of true position. 


incorrect interpretation (Figure 26). In such cir- 
cumstances it is advantageous to have other data, 
such as gravity or refraction, from which to estab- 
lish the location of the fault. 
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DISCUSSIONS AND COMMUNICATIONS 


ACCURATE DEPTH DETERMINATION OF THE 
VELOCITY SURVEY WELL PHONE* 


P. NOLTINGT 


Many velocity surveys have been shot in which 
the actual depth of the well phone was in question 
at one or more of the levels shot in the borehole. 
The computed time to the questioned level would 
not fit the other data obtained from the velocity 


Tide 


survey, i.e., the data from the questioned level 
would not fit the time-depth curve within reason 
or, more recently, it could not properly be fitted 
to the corrected continuous velocity log data. 
If the “first break” of the questioned level could 
not be repicked to conform to the other data, a 


notation was made in the velocity survey report 
that the depth of the well phone was probably in 
error. Although this assumption was correct in 


many cases, there are various other reasons why 
data from one check level should not fit the rest 


of the data. 
Accurate depth control of the well phone can 
be established by fully utilizing the geophysical 


tools that are normally run in the borehole. Most 
velocity surveys that are now being run are shot 
with the well phone and the other logging equip- 
ment connected together into one logging tool. 
Depth control of the well phone can be determined 
by running a section (100 ft) of one of the stand- 
ard logs either immediately before or after the 
check level is shot. This section of log can be cor- 
related to the standard log and the depth of the 
well phone established from this correlation. An 
example of a S.R.S. check level log correlated at 
several depths to the S.P. log taken from the 
standard log is shown in Figure 1. 

Mobil Oil Company has used this technique for 
most of the wells they have surveyed recently. Al- 
though no large depth discrepancies have been 
noted (20 ft the largest), the computed time values 
do not always fit the other data reasonably. Since 
depth control is established for the ‘‘misfit”’ 
points, we can now attempt to explain these ‘‘mis- 
fits’’ and possibly learn more about the problems 
of obtaining reliable check shot data. 


* Received by the Editor October 22, 1960. 
Tt Mobil Oil Co., Dallas, Texas. 
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In his article on log interpretation in sandstone 
reservoirs, under the heading: ‘The Determination of 
Resistivity Index,’ Dr. Wyllie reviews the history and 
present status of the so called ‘‘shaly sand problem.” 

By comparison with recent laboratory experiments 
the author shows that for the case of disseminated clay 
content in sandstones, the most reliable determination 
of percentage water saturation is that made according 
to a method proposed by A. J. de Witte in 1957. Dr. 
Wyllie points out that A. J. de Witte’s method has not 
been widely used because its derivation was intuitive 
(rather than theoretical). Surprisingly enough the au 
thor seems to be unaware of the fact that the relations 
proposed by A. J. de Witte and confirmed by Wyllie’s 
recent data are not at all new, but were published two 
years earlier as derived by a coherent and concise theo 
retical treatment of the electrochemical behavior of 
shaly sands. The publication in question is given below.' 
It was first presented at the 1954 A.I.M.E. fall meeting 
in San Antonio and subsequently published in the Jour- 
nal of Petroleum Technology of July 1955. 

Specifically, Dr. Wyllie’s equation (6) which is equa 
tion (9) in the paper by A. J. de Witte,? and reads: 
1 BS,2 


— = ASy + (footnote 2 (9)) 
R, 


was given in reference 1, equation (26) as: 
1 
(mr/S» + 2.15m,)S,2 (footnote 1 (26)) 
R, 
where F is the formation factor 
mr=the equivalent concentration of fixed charges 
due to clays in the interstital solution. 
m,»=molality of connate water (approximately pro- 
portaional to 1/R,). 
C=96.5 8B u4 with 
8=conversion factor of normality to molality for 
the salt solution in question. 
w4=mobility of anions. 


It is readily seen that the two equations are identical 
except for the fact that A. J. de Witte’s unspecified 
coefficients A and B are in the earlier work described in 
detail in terms of the physical and electrochemical 
characteristics of the system. 

* Hughes Aircraft Co., Fullerton, California. 

1 Leendert de Witte, ‘‘A Study of Electric Log Inter- 
pretation Methods in Shaly Formations,” Journal of 
Petroleum Technology, Vol. VIL (7), pp. 103-110 (July 
1955). 

2A. J. de Witte, “Saturation and Porosity from 
Electric Logs in Shaly Sands,” Te Oil and Gas Journal, 
March 4 and April 15. 


DISCUSSIONS AND COMMUNICATIONS 


DISCUSSION OF “LOG INTERPRETATION IN SANDSTONE RESERVOIRS,” 
BY M. R. J. WYLLIE, GEOPHYSICS, AUGUST 1960, pp. 748-778. 


In the same fashion all the other relations for resis- 
tivities and potentials in shaly sands proposed by A. J. 
de Witte are identical except for leaving the coefficients 
unspecified to those dervied by electrochemical theory 
in material referred to in footnote 1. 

As an aid to future reviewers of the shaly sand prob- 
lem, I should like to offer the following correlation chart 
for the relations derived at by ‘‘intuition” in material 
referred to in footnote 2 and those derived two years 
earlier by physicochemical theory in material re- 
ferred to in footnote 1: 


TABLE 1 
Equation Number Equation Number 
Subject Ref. 2 Ref. 1 


(1957) (1955) 


Resistivity of 


water sands 2 20, 21 
Resistivity of 

oil sands 9 25, 26 
SP of shaly 

water sand 155 225 

17 18 

SP of oil sands 18, 18a 23 
Ryo/ Rt 19 Equation 


preceding (27) 


It should further be mentioned that A. J. de Witte 
already presented experimental evidence in support of 
equation 2 (9) or 1 (26) in figure 3 of reference 2, al- 
though he does not indicate the source of the experi- 
mental data. 

It is also noteworthy that field test results showing 
the applicability of the shaly sand relations of reference 
1 to the determination of resistivity index and connate 
water saturation were reported as early as August 1955 
by Blum and Martin.‘ 

A. J. de Witte demonstrated (ref. 2 p. 91), on the 
basis of the assymptotic behavior for S,— and S,—0, 
that the constant & in his relation (8) which corresponds 
to Cin Wyllie’s relation® must be negligibly small or zero, 
thus these relations yield Wyllie’s equation (6) and 
equation (9) of reference 2. 

% A. Poupon, M. E. Loy and M. P. Tixier, ‘A Contri- 
bution to Electric Log Interpretation in Shaly Sands,” 
Transaction A.I.M.E. 201, pp. 138-145. 


‘Harold A. Blum and John L. Martin, ‘Log Inter- 
pretation Problem in Low Resistivity Sands,” Journal 
of Petroleum Technology, Vol. VII, no. 8, pp. 10-14 
(August 1955). 

5 This equation is the important Tixier relation, pro- 
posed intuitively and empirically supported by M. P. 
Tixier et al. in 1954. A theoretical derivation of the 
relation was given in reference 1 (1955). 
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Mom. J WYLLIE 


My sketchy discussion of the rather involved history 
of the “shaly sand problem” may indeed appear to un- 
derestimate Leendert deWitte’s contributions and to 
favor unduly those of his brother Adriaan. I must crave 
Leendert’s indulgence for I did not intend to leave an 
impression of fraternal discrimination. I drew particular 
attention to Adriaan’s work because it was presented 
in the form of nomographs well suited to practical use 
and was, therefore, an easily available alternative to the 
familiar Schlumberger shaly-sand nomographs. Adriaan 
in his paper is careful to point out that his basic equa- 
tions, although differently derived, are identical to 
Equations 23 and 26 in Leendert’s earlier paper. Leen- 
dert may be pardoned for feeling that it was discrimina 


SHRI KRISHAN 


In your February 1960 issue, there appeared a review 
of the book “Introduction to Geophysics” by Dr. B. F. 
Howell, Jr. 

I want to point a flaw in the mathematical reasoning 
of the author. A publication of this and a subsequent 
explanation by the author will remove a great confusion 
in the minds of many readers. 

Divergence of a vector F having components Fx, Fy, 
Fz in the x, y and z direction respectively is defined as: 


4 
Ox oy Oz 
OF x OF y OF: 
Ox oy Oz 


If F has components only in the x-direction then 
F,=0, i.e., 


F = Fxi + 0j + Ok 
CORRECTION 


GEOPHYSICS, OCTOBER, 1960. 
TSVI 


MEIDAV 


The last sentence in the paper ““Nomograms 
i. 1045 should read: 

“Pass a line through 7 and Z and read off X, the offset 
distance.”’ Also, a regrettable typist omission is present 
in the paper “An Electrical Resistivity Survey for 


Ground Water,” and was not captured in reading the 
typed manuscript. The sentence before last on p. 1093 


DISCUSSIONS AND COMMUNICATIONS 


REPLY TO DISCUSSION BY L. DEWITTE ON 
“LOG INTERPRETATION IN SANDSTONE RESERVOIRS” 


DISCUSSION OF REVIEW OF “JNTRODUCTION TO GEOPHYSICS,” B. F. HOWELL, Jr. 


NOMOGRAMS TO SPEED UP SEISMIC REFRACTION COMPUTATIONS, 


tory of me not to have mentioned this since I noted, in 
a similar context, how much of Poupon, Loy and 
Tixier’s scheme of interpretation was closely related to 
an earlier theoretical treatment by Doll. 

If, however, Leendert is claiming that his interesting 
“coherent and concise theoretical treatment of electro- 
chemical behavior of shaly sands” is also a complete 
treatment I must mildly disagree. His Equation 26 is 
certainly identical to Adriaan’s Equation 9; however, 
both Adriaan in his Equation 8 and I in my Equations 
3 and 5 explicitly note that the relationship between 
true resistivity and saturation is probably of the form 
1/R,=AS and not simply of the form 


and 


=> 
In Chapter X, page 148, vector Xn is defined having 
components X,, X,, X, only in the x-direction, i.e., 


X, = (X, +X, + +07 + 
+ X, + Xt + 07 + OR} 
0 O +s 


OX oy Oz 


0X, OX, 
Ox oy Oz 


The result derived by the author in equation (10.4) 
can not be represented by V- Xn as he has pointed out in 
equation (10.7) and illustrated further by equation 
(10.7) on page 149. 


should read: 

“The project was later concluded under the auspices 
of the Missouri Geological Survey, with the active help 
of Dr. H. C. Spicer of the U.S.G.S. who spent much 
time in instructing the author in both field techniques 
and interpretation.” 
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The Need of a New Philosophy of Prospecting, L. B. has a long way to go. For the geophysicist, however, Dr. 2 
Slichter, Mining Engineering, Vol. 12, No. 6, June — Slichter has presented food for considerable thought. : 
am PP. 570-576. Most mining geophysicists routinely employ a minor 2 
an envied reputation as a  @mount of statistics in planning aerial geophysical sur- 
; this reputation certainly Ves; but it is questionable whether or not most mining i 
is enhanced by his cy mei in recent years on the geophysicists have attempted to proceed as far as Dr. 
application of statistical methods to the planning and Slichter and his followers. They should consider it! . 
execution of exploration campaigns. As a pioneer, in a One apparent weakness of Dr. Slichter’s present work . 
commerce as basically conservative as the current U. S. is the scanty comment on the validity of his basic data. _ 
mining industry, Dr. Slichter will meet, and surely ex- _ For example, the distributions of ‘‘mines” in the Basin 7 
pects, sharp criticism. At the present it seems likely that and Range region and in the Precambrian outcrop area 7 
the major criticism will arise from the audience to whom of Ontario were discussed and illustrated graphically, ; 
Dr. Slichter addressed his 1960 Jackling lecture—the and yet the definition of a mine as employed is open to 
exploration managers of large mining companies. The — serious debate. In some parts of the world a mine is 
criticism will perhaps arise through misunderstanding humorously, yet realistically, defined as a headframe J 
of the main purpose of Dr. Slichter’s paper regarding the — with a hole under it. Such neglect of the validity of basic 2 
development of a new philosophy of prospecting based data could lead to additional misunderstanding of Dr. - 
upon quantitative statistical analyses of the ore search Slichter’s purpose. 
problem. The misunderstanding is increased by the in- If one considers a large area, say 125,000 square miles - 
clusion in Dr. Slichter’s speeches and writings of a — of Basin and Range area, as Slichter has done, divides it 
short course in probability theory, which should be _ into smaller but still substantial units of 1,000 square 2 
somewhat beyond the adroit exploration manager who _ kilometers each, one can obtain the probability of oc- _ 
has long since left erudition in favor of economics, poli- currence of a known mine within any one small unit. ae 


tics, and logistics. To reach this audience, Dr. Slichter 


That one should then say that the probability for oc- 
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currence of future (i.e., 
the same law is a moot point unless one assumes uniform 
geologic conditions over the original large area. Most 
geologists will not agree that such uniformity exists. 
The presence of known large barren intrusives, for ex- 
ample, obviously reduces to zero the probability of a 
mine occurrence for one or more unit blocks. Such tem 
pering of rigid statistical approaches by knowledge 
from other sciences must be employed as Slichter un 
doubtedly realizes. This observation then leads to the 
conclusion that every prospector must apply his own 
weighting to statistical evidence for any one unit. Of a 
similar tempering nature must be the appreciation that 
Slichter has analyzed a three-dimensional problem by 
For the “vertically 


considering only two dimensions. 


layered” Precambrian, a plan view of orebody distri 
butions perhaps is adequate, but for orebodies occurring 
in horizontally-stratified rock (e.g., limestone replace 
ments) it would seem that we should consider individual 
horizons or groups of horizons. 

‘he exuberant statement, ““The statistical evidence 
here presented indicates that the abundance of undis 
covered mines in these (productive) areas so much ex 
ceeds the few per 1,000 square kilometers that have al 
ready been discovered that these discoveries do not 
reduce to any appreciable degree the number remaining 
to be found,” must discourage rather than encourage 
many hard-working prospectors who have thoroughly 
currently 


studied productive areas without netting 


themselves an orebody. Again the need arises for modi 
fication of Slichter’s relatively simple approach. 

The statistical conclusion that broad-scale prospect 
ing should be directed toward finding ‘‘the elephants” 
will draw hearty approval from the more intuitively in 
clined. 

In outlining procedures for optimizing target-finding 
probability while minimizing costs for either drilling or 
aerial geophysical prospecting, there is little room for 
controversy. Slichter’s presentation of this topic is as 
advanced as any. One word of caution appears in order, 
however. When calculating the ratio of probability of 
discovery for a given-sized target to cost per line mile 
for various line spacings, the ultimate conclusion is 
markedly dependent upon whether one assumes one, 
two, or more traverses across an anomaly to constitute 
a discovery. Slichter does not make this point suff 
ciently clear. Further, one must also keep in mind the 
objective of the aerial program—to discover percentage 
X of all anomalies of a given size or to delineate per 
centage X of all anomalies of this same size. 

The geophysicist undoubtedly will wish to refer to 


Slichter’s earlier paper, “Geophysics Applied to Pros 


pecting for Ores,” /conomic Geology, 50th Anniversary 
Vol. 1955, for a more intensive treatment of one aspect 
of the subject. An additional interesting reference is 


“Optimum Prospecting Plans in Mining Exploration,”’ 


undiscovered) mines will follow 
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R. M. Ellis and J. H. 
24, pp. 344-358. 


Biackwell, GEopuysics, 1959, Vol. 


S. H. Warp 

University of California 

Berkeley, California 

Application of the Gravity Method to Iron Ore Explora- 
tion, W. J. Hinze, Economic Geology, Vol. 55, No. 3, 
May 1960, pp. 465-484. 


The use of the gravitational method in exploration for 
and development of iron ore bodies is a relatively 
straightforward problem for the geophysicist. However, 
it would seem highly improbable that most geophysi 
cists would be capable of, first, clear evaluation of the 
advantages and limitations of the method in this appli- 
cation and, second, presentation of his awareness in a 
form readily absorbed by the non-specialist. Such, 
nevertheless, is the achievement of the author. 

This paper is neither an erudite nor exhaustive pres 
It is, 


factors which should be con- 


entation of applied gravimetry. however, a very 
practical resume of the 
sidered by the geoscientist when considering application 
of the gravity method to problems of the iron industry. 
Manes written largely on the basis of the author’s 
extensive experience in the Lake Superior iron ranges, 
the paper provides a good rule book for those who are 
concerned with iron ore exploration and development 
elsewhere. 

Density contrasts between rock types, the basis of 
the gravity method, are shown by illustration and dis 
cussion to be a function of porosity and composition. 
The author’s neglect of dead-end pore volume in deter- 
mining porosities of rocks and ores is a minor omission. 

The advantages and limitations cited by the author 


in the title application of the gravity method are as fol- 


lows: 
(a) Advantages 

(1) Non-magnetic iron ores are readily detected 
and delineated. 

(2) “Quantitative studies of the physical param- 
eters of an ore body—dimensions, geom- 
etry, and iron content—are under some 
geological conditions more aptly made from 
the results of a gravity survey than from a 
magnetic survey.” 

Gravity anomalies tend to occur over the 
center of gravity of the causative body as op- 
posed to a markedly displaced location for 
many magnetic anomalies. 

Measurement of density is easier and requires 
less elaborate equipment than measurement 
of magnetic susceptibility. (This statement 
appears to represent author opinion rather 
than fact, necessarily.) The inference is also 
made that fewer measurements are required 
of density, as opposed to magnetic suscepti- 
bility, to obtain a mean value for a particular 
geologic unit. 

“Gravity studies are less affected by man 
made disturbances than are magnetic 
studies.” 
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(b) Disadvantages 

(1) A method which reflects density variations 
is not as diagnostic as one which reflects 
variations in magnetic susceptibility for the 
delineation of magnetic iron ores. On a simi- 
lar note, quantitative analyses of gravity data 
frequently are limited because a good esti- 
mate cannot be provided of the small per 
centage changes in density between rock and 
ore. 
Taconite ores frequently contain waste sili 
cate horizons which are not detectable be- 
cause the densities of waste and ore are 
almost identical. Basic dikes cutting ore zones 
present a similar problem. 
The effect of bedrock relief often obscures or 
distorts anomalies due to iron orebodies. 
The use of an incorrect mean density in cal 
culating Bouguer and terrain corrections may 
lead to serious errors in the gravity map. 
Detailed terrain corrections, frequently nec- 
essary, are expensive and always present 
some degree of uncertainty where excellent 
topographic maps are unavailable. 
Removal of the regional gravity anomaly is 
an uncertain process and can lead to grossly 
erroneous conclusions. 
The gravity method lacks resolution when 
compared with the magnetic method. 
Gravity surveys are two to three times more 
expensive than magnetic surveys. 


While the author admits that many of the above ad 
vantages and limitations are inherent in the gravity 
method, he is very careful to point out their special sig 
nificance in iron exploration. However, he gives only 
cursory treatment to techniques for evaluating their 
importance under any given set of conditions. By two 
very useful graphs, the decrease of anomaly with dis 
tance from the disturbing mass is contrasted for the 
gravity and magnetic methods. 

It is unfortunate that the author did not have avail 
able for publication more than four brief case histories 
with which to illustrate his analysis. 

S. H. Warp 
University of California 
Berkeley, California 


Subsurface Mapping, Margaret S. Bishop, John Wiley 
& Sons, Inc., New York, 1960, ix+198 pp., $5.75. 


Subsurface Mapping describes techniques of struc 


ual 


ratagraphic mapping but with some discus 
hic interpretation. The heart of the 
iseful chapters are 7, 8 and 9. 
sh Maps, has theoretical illustrations 
shown. o. axes of subsidence, tilting and ero- 
sion, com!) ot » and offlap in conformable 
and non-coto isopach maps in reser- 
voir estimation. 
Chapter 8, Facies 4. } rccents a theoretical data 
sheet for eleven wells. A series of twelve maps then illus- 


trate ways to depict the lithology by various types of 
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facies maps and thicknesses by isopach and isolith maps. 

Chapter 9, Paleogeographic Maps, discusses and gives 
examples of paleogeographic, palinspastic, paleotopo- 
graphic, paleogeologic, worm’s eye, and paleotectonic 
maps. 

Chapter 6, Structure Maps, could have been made 
more complete by mentioning dipmeter surveys and 
cor¢ dips as a source of dip data. The complication intro- 
duced by whipped wells also might have been discussed. 

This book was written for an undergraduate course 
at the University of Houston. It would serve as a refer- 
ence for the beginning geologist or geophysicist as to 
what type of map would be most effective in study or 
presentation of a structural or stratigraphic problem. 
The direct explanation and wealth of illustrations make 
the book also suitable for those without geologic back- 
ground. 

L. BASHAM 
Standard Oil Company of California 
La Habra, California 


The Analysis of Variance, Henry Scheffé, John Wiley & 
Sons, Inc., New York, 1959, xvi+477 pp., $14.00. 


Although analysis of variance is one of the most 
widely used techniques in statistics, a unified and rigor- 
ous presentation has not heretofore appeared. Scheffé’s 
book is a masterful summary not only of what has be- 
come standard material, but of topics in which there is 
at present much research activity. Part I, concerned 
with models with fixed effects and independent observa- 
tions of equal variance, covers point estimation, confi- 
dence ellipsoids, one-way layouts, two-, three-, and 
higher-way layouts, incomplete layouts (Latin squares, 
incomplete blocks, and nested designs), and analysis of 
covariance. The author considers the theory of this 
Part to be in fairly permanent form. 

Part 
models, randomization models, and the effects of depar- 


I] deals with random-effects models, mixed 


tures from the assumptions of normality, independence, 
and equality of variance of the observations. The cor- 
responding theory is far from complete, and consider- 
able extensions are to be expected. 

The appendices include material on vector and 
matrix algebra (excellent, concise accounts), ellipsoids 
and their planes of support, noncentral chi-squared vari- 
ables and noncentral F and t distributions, and multi- 
variate normal distributions. Four sets of tables com- 
plete the book: F-tables, Studentized Range Tables, 
Pearson and Harley Charts for the power of the F-test, 
and Fox charts for the power of the F-test. 

Among topics omitted are multivariate generaliza- 
tions, sequential methods, nonparametric theory, frac- 
tional replication, and response-surface exploration. 
Only incidental mention is made of design of experi- 
ments. 

Much of the material has previously nat appeared in 
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book form. A particularly valuable feature is the inclu- 
sion of over one hundred problems, none of which can 
be labeled routine. Scheffé’s book is without doubt an 
outstanding contribution to the statistical literature. 
Anyone seriously concerned with the subject can do no 
better than to give this volume a careful and painstak- 
ing examination. 

H. KAuFMAN 

McGill University 

Montreal, Canada 


Statistical Theory of Signal Detection, Carl W. Helstrom, 
Pergamon Press, New York, 1960, viii+364 pp., 
$9.50. 

In the words of Norbert Wiener, “the whole of engi- 
neering is rapidly assuming a statistical aspect.” If this 
is so, it is largely due to Wiener himself who was among 
the first to recognize that disciplined progress in this 
direction was being hampered by semantic and con- 
ceptual barriers between investigators, who were really 
working on essentially related phenomena. Thus, the 
statistician working with parametric models, comput- 
ing confidence intervals and smoothing various “time 
series,’ the mathematician dealing with points in an 
infinite-dimensional space, with probability measures, 
Borel fields and deducing abstract theorems concerning 
and finally the engineer plagued 


“stochastic processe 
with “noise” problems, were all interested in the same 
phenomenon, but with differing motivations, back- 
grounds and terminologies. 

Ever since the basic and decisive work of Wiener 
(and Kolmogoroff in Russia) in the early 1940's, the 
insularity of the three schools has given way to a more 
cosmopolitan outlook, resulting in incalculable mutual 
benefits. One example of this is the impressive structure 
which has come to be known as the statistical communi- 
cation theory. A very important chapter in this theory, 
namely, statistical theory of signal detection, forms the 
basis for the book under consideration. 

Opening with an introduction to the theories of linear 


filtering and random noise, the author next explains 
the statistical theory of hypothesis testing which he 
then uses as a framework for treating signal detection 
as a decision problem. It is further shown how detec- 
tion systems can be designed to achieve the greatest 
long-run success and how these systems may be ana- 
lyzed in terms of false-alarm and detection probabili- 
ties. (The designs are mathematical—no hardware is 
discussed.) Among the other important topics treated, 
we may mention the statistical theory of estimation as 
applied to the problem of estimating signal parameters 


in the presence of random noise, and finally the statis- 
tical resolution of overlapping signals. 

Though decision-theory methods offer powerful ana- 
lytical tools capable of yielding many elegant results, 
these are based primarily upon the concept of a cri- 
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terion-of-optimality which, in general, lacks the impor- 
tant property of uniqueness. Selection of these criteria 
or decision rules (essentially, decision rules are trans- 
formations which map observation space into decision 
space) are motivated to a large extent by the observer's 
judgment and experience, so that the methods used are 
not entirely non-subjective. Needless to say, different 
criteria lead to different results. 

All of this, of course, is not intended to be a criticism 
of the author. This reviewer merely wanted to indicate 
that those who are looking for a cook-book with spe- 
cific recipes for solving all noise problems, will be disap- 
pointed in this book. On the other hand, those who 
would like to understand and follow the future develop- 
ments in this exciting field, could profit appreciably by 
reading this excellent introductory text. 

Helstrom’s book is written at the graduate level and 
assumes a proportionate amount of mathematical ma- 
turity. Yet, because its style is informal and non-rigor- 
ous, the book will appeal primarily to non-mathemati- 
cians. 

Mark HoLzMAn 
Western Geophysical Company of America 
Los Angeles, California 


Magnetic Susceptibility of Some Rock Forming Silicate 
Minerals Such as Amphiboles, Biotites, Cordierites, 
and Garnets, Yasuhiko Syono, Journal of Geomag 
nelism and Geoelectricity, Vol. XI, No. 3, 1960, pp. 
85-93. 


Natural Occurrence of Titanomaghemite and Its Rele- 
vance to the Unstable Magnetization of Rocks, Syun- 
iti Akimoto and Ikuo Kushiro, Journal of Geomagne- 
tism and Geoelectricity, Vol. XI, No. 3, 1960, pp. 
94-110. 

Palaeomagnetic and Geologic Researches for the Vol- 
canic Rocks around Lake Suwa—Palaeomagnetic 
Researches for the Pliocene Volcanic Rocks in Cen- 
tral Japan (2), Kan’ichi Momose, Kunio Kobayashi, 
and Tetsuo Yamada, Bulletin of the Earthquake Re- 
search Institute, Vol. 37, Part 3, 1959, pp. 433-481. 


Palaeomagnetic Studies on Tertiary and Cretaceous 
Rocks in Japan, Takesi Nagata, Syun-iti Akimoto, 
Yoshio Shimizu, Kazuo Kobayashi, and Hisashi 
Kuno, Geophysical Notes, Vol. 12, No. 2, 1959, pp. 
378-383. 

In the first paper by Yasuhiko Syono, the magnetic 
properties of some amphiboles, biotites, cordierites, and 
garnets are presented. The properties determined were 
the magnetization curve between 0 and 2,000 oersteds at 
room temperature and also at 90°K., and the suscepti 
bility-temperature curve. The minerals such as garnet, 
olivine, and pyroxene had susceptibilities that agreed 
with theoretical values derived from Langevin’s equa- 
tion. The amphiboles, biotites, and cordierites had 
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susceptibilities greater than the theoretical value. 
Syono suggests that the increase in susceptibility may 
indicate a weak interaction or coupling among the mag- 
netic ions through the OH radical or HO molecule 
contained in the mineral crystal structure. This paper 
adds to the somewhat scarce data on the magnetic 
properties of the silicate minerals found in common ig- 
neous and metamorphic rocks. 

The second article, by S$. Akimoto and I. Kushiro, 
also deals with the magnetic properties of certain min- 
erals contained in igneous and metamorphic rocks. They 
have found from x-ray and chemical analyses that ti- 
tanomaghemite occurs primarily in those rocks which 
show unstable remanent magnetization. The titano- 
maghemite is believed to be derived from the natural 
oxidation of titanomagnetite. The process of oxidation 
destroys the thermoremanent magnetization of titano- 
magnetite. The degree of magnetic instability of the 
rock appears to be closely associated with the extent of 
the alteration or oxidation. This paper establishes a cri- 
terion whereby rock samples containing titanomaghe- 
mite are generally unstable and are unsuitable for 
palaeomagnetic studies. 

The last two papers deal with palaeomagnetic studies 
on Quaternary, Tertiary, and Cretaceous rocks in 
Japan. The authors of these papers present data which 
they interpret as giving support to the hypothesis of 
polar wandering as proposed by Runcorn. The com- 
bined results of these papers indicate that the pole mi- 
grated from 42° N-153° W in Middle Cretaceous time 
to 79° N-57° W in the Upper Pliocene. In addition, K. 
Momose et al deduced from their measurements that 
during late Tertiary or early Quaternary the direction 
of the dipole was reversed and that, while reversed, it 
migrated in a counterclockwise direction above the 
present earth’s rotation axis. This particular feature of 
palaeomagnetism was used by Momose et al in an at- 
tempt to demonstrate that remanent magnetization di- 
rection can be used for stratigraphic correlations in vol- 
canic areas and the interpretation of geomorphological 
events. Unfortunately, their data possess such varia- 
tions that its use for detailed deductions does not seem 
justified as does its use for generalization. For this rea- 
son the demonstration is not entirely convincing. 

For their palaeomagnetic research on Tertiary and 
Quaternary rocks in Japan, Nagata et al cite the work 
of Akimoto and Kushiro as having established a cri- 
terion for identifying unsuitable magnetized rock 
samples. An interesting feature of Nagata’s article is 
an illustration showing the interpreted paths of polar 
wandering obtained from European, North American, 
Indian, Australian, and Japanese data. A comparison of 
the paths shows the pole position to have been displaced 
farther from the present geographic pole in past geo- 
logic periods for all paths, but no two paths coincide. 
A unique and possibly significant feature is that each 
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path shows that the magnetic pole approached the pres- 
ent geographic pole from the opposite side of the earth 
from where the samples were acquired. Though the au- 
thors express the belief that their work supports polar 
wandering and possibly continental drift, their illustra- 
tion gives the impression that the subject of polar wan- 
dering will continue to be controversial. 

These four Japanese articles, plus many others in the 
current literature, emphasize the excellent effort which 
is being applied by the Japanese in the field of rock mag- 
netism. 

Joun C, DUECKER 
Gulf Research & Development Company 
Pittsburgh, Pennsylvania 


Physics of the Upper Atmosphere, edited by J. A. Rat- 
cliffe, Academic Press, New York, 1960, xi+-586 pp., 
$14.50. 


The study of upper-atmosphere physics is rapidly ad- 
vancing and diversified, involving a wide variety of ex- 
perimental techniques and theoretical concepts. To pre- 
sent a survey of the entire topic that is both up to date 
and authoritative, Mr. Ratcliffe has enlisted several 
eminent scholars to write individual chapters on their 
specialities. On the whole, the finished product is admir- 
able. Anyone who has had a need for S. K. Mitra’s 
treatise on ‘“The Upper Atmosphere” will want to own 
this volume, which is similar in scope and depth. 

Still, the subject is a bit broader now than when 
Mitra issued his second edition (1952); and a collection 
of review articles can never quite penetrate as deeply as 
the full-length monograph. There an author finds space 
to develop his subject in mathematical and physical 
detail and has the perspective to tie together all the 
varied, but related, aspects of his topic. Thus, there is 
still a need for a modern textbook on the physics of the 
upper atmosphere—one that will emphasize the funda- 
mental theoretical principles. 

One of the most valuable chapters in the volume is the 
one on “The Ionosphere’”’ by Ratcliffe and K. Weekes. 
It fills an important gap in the literature, treating all 
phases of the topic—theory of formation; experiments 
and their interpretation; and physical properties, 
morphology, and time variations—with skill and clar- 
ity. 

D. R. Bates, generally regarded as the dean of aeron- 
omists, has contributed three chapters on the airglow 
and the aurora with the conservative restraint and lucid 
authoritativeness we have come to anticipate and ad- 
mire in his writing 

Construction of models (i.e., density, composition, 
and temperature versus height) of the upper atmosphere 
is discussed by M. Nicolet. This is a topic currently in- 
volving extensive use of rocket and satellite observa- 
tions but interpretation of these data requires a proper 
application of theoretical principles and this chapter will 
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be invaluable to those associated with measurements 
of atmospheric structure. 

Several other excellent chapters appear. For example, 
I. H. Vestine gives a valuable review of geomagnetic 
disturbances with emphasis on ionospheric currents. 
Chapters by H. E. Newell and H. Friedman will be wel 
comed by those of us who find it difficult to keep up 
with the direct exploration of the upper atmosphere 
and the solar spectrum by rockets and satellites. 

But it is inevitable, I suppose, that all chapters can 
not be of uniformly high quality Occasionally one 
sees a review article with an inordinate amount of em 
phasis on the author’s own theories or experiments, or 
one written with too much slang of the subject, too little 
consideration for the reader in the borderline fields, and 
evidently written in too great haste. The research in a 
subject is too often parroted, too seldom analyzed, too 
readily summarized, and insufficiently criticized. Con 
clusions, major and minor, experimental and theoretical 
are reported without an indication of the basic means 
of reaching these results. 

The author of a review accepts an obligation to learn 
his subject so well that he writes it with perception and 
some sensitivity. Invitations to write summary articles 
are too often accepted as status symbols when the au 
thor lacks the necessary obsessive, compulsive desire to 
review his subject. 

JosepH W. CHAMBERLAIN 
Yerkes Observatory 
Williams Bay, Wisconsin 


Methods in Geochemistry, edited by A. A. Smales and 
L. R. Wager, Interscience Publishers, New 
York, 1960, vii+-464 pp., $13.50. 


Inc., 


In the last decade or so there have been rapid ad 
vances in analytical techniques for determining the 
elemental constituents of the earth and its parts. Inter 
est has centered particularly on isotopes and elements in 
low concentrations many of which were difficult if not 
impossible to determine before the advent of isotope di 
Jution and radiochemical techniques. This book is a 
compilation of articles by both geologists and chemists 
utilizing these newer analytical techniques in geochem 
ical research. 

The first chapter contains a discussion of samplin; 
procedures and methods of preparing samples for anal 
ysis. The handling of rocks, unconsolidated sediments, 
natural waters, gases, and organic matter are discussed 
along with special sections on handling such things a 
soils and meteorites. This is followed by a chapter on 
classical gravimetric, and volumetric methods of anal 
ysis and the more recent colorimetric methods. Suc 
ceeding chapters deal with such subjects as spectro 
chemical analysis, fluorescent X-ray spectrography, 
stable isotope geochemistry and mass spectrometric 
analysis, isotope dilution analysis, radiochemical meth 
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ods, radioactivation analysis, polarography, and some 
modern chemical separation methods. 

Most of the chapters are well written and are accom 
panied by extensive bibliographies. The book is well 
suited for students planning to go into the field of geo 
chemistry and those who want an introductory survey 
of the types of analytical procedures that are available. 
However, it has two serious drawbacks for the profes 
sional geochemist who is interested in an up-to-date 
survey of the newest procedures. 

First, it appears that some of the chapters were writ- 
ten long before the book was published and conse 
quently are considerably out of date. For example, a 
footnote in Chapter 3 refers to a text on colorimetric 
determination of non-metals that was published after 
Chapter 3 was written. This text appeared in 1958. This 
time lapse is particularly unfortunate in the case of the 
chapter on Fluorescent X-ray Spectrography since sev 
eral important developments have taken place since 
1957-58. For example, the author discusses a curved 
transmission-crystal fluorescent X-ray spectrograph 
manufactured by The General Electric Company. The 
manufacture of this instrument was discontinued sev 
eral years ago and has been replaced by the flat reflect 
ing-crystal spectrograph. The author also makes no 
mention of the gas flow proportional counter, a detector 
which has extended the useful range of the X-ray spec 
trograph to the lower atomic number elements such as 
magnesium and aluminum. These counters were avail 
able in 1957. Interscience Publishers, the publishers of 
“Methods in Geochemistry,” also published a book on 
X-ray spectrochemical analysis by L. S. Birks in 1959 
with more up-to-date information. There are practically 
no references in the bibliographies to work done after 
1958 except for a few authors who apparently updated 
their chapters before going to press. 

The second point is that most of the discussion relates 
to equipment and data available in the United King 
dom. This is understandable since most of the autiors 
are in research organizations in the U.K. However, the 
reader quickly gets the impression that no special effort 
was made to obtain up-to-date information from 
Europe, Russia, or the United States. For example, al- 
though the chapter on polarography is a very good in 

oduction to the principles and application of polarog 
raph: to inorganic ion analysis, the section on instru 
mentation is far too brief. It fails to mention the many 
commercially available polarographs both by American 
and European manufacturers. 

In general, the data reported are quite accurate al 
though the authors occasionally get into trouble when 
making interpretations. or example, the author of the 
chapter on Radiochemical Methods infers that widely 
discordant ages obtained by lead isotope methods on 
the same mineral could be considerably improved by 
stricter control of the chemical analyses. Actually the 
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chemistry would need to have fantastic errors to explain 
some of these discrepancies. Consequently, most people 
believe that variability in leaching and thermal rework- 
ing of the samples causes observed variations. [he same 
author reports the observed disintegration rate of car- 
bon in present day organisms as 16.1+0.8 disintegra- 
tions per minute per gram whereas 13+0.5 is the more 
accepted figure. 

In general, the criticisms relate to items of more inter- 


PUBLICATIONS RECEIVED 


BOOKS 


Hydrodynamics of Oceans and Atmosphere, by Carl 
Eckart, Pergamon Press, New York, $9.00. 

Soviet Research in Geophysics, v. 4, American Geophys- 
ical Union, Washington, D. C., $7.50. 

Space Research, edited by H. K. Kallman, Interscience 
Publishers, New York, $24.00. ; 

The Exploration of Space, edited by Robert Jastrow, 
Macmillan Co., New York, $5.50. 

Theory of Detonation, by Ta. B. Zeldovich and A. S. 
Kompaneets, Academic Press, New York, $14.00. 
The Physics of Flow Through Porous Media, revised edi- 
tion by A. E. Scheidegger, Macmillan Co., New York, 

$15.50. 


PERIODICALS 


American Journal of Science, v. 258, nos, 8, 9 & 10 (Oct., 
Nov. & Dec., 1960). 

Annali de Geofisica, v. 13, n. 2 (April & June, 1960). 

Boletin dela Asociacion Mexicar: de Geologes Petroleros, 
v. 12, nos, 3, 4, 5, & 6 (Mar., Apr., May, & June, 
1960). 

Bolettino di Geofisica, v. 2, nos. 5, 6, & 7 (March, July, 
& Sept., 1960). 

Bulletin (Izvestiya), nos. 1, 2 & 3 (Jan., Feb. & March, 
1960). 

Bulletin of the Research Council of Israel, v. 9G, nos. 2 
& 3 (August, 1960). 

Bulletin of the Seismological Society of America, v. 50, 
nos. 3 & 4 (July & Oct., 1960). 


est to the professional geochemist than to those chem- 
ists or geologists wishing to know more about how 
analytical data in geochemistry are obtained, or to stu- 
dents in this field. As previously mentioned, the book 
is well suited for these latter groups. 

Joun M. Hunt 

Jersey Production Research Company 

Tulsa, Oklahoma 


Deutsche Hydrographische Zeitschrift, v. 13, nos. 3 & 4 
(1960). 

Economic Geology, v. 55, nos. 6 & 7 (Sept.-Nov., 1960), 

Egyptian Journal of Geology, v. 3, n. 1 (1959). 

Erdél und Kolile, v. 13, nos. 8, 9, & 10 (Aug., Sept., & 
Oct., 1960). 

Geophysical Abstracts, v. 181 (April & June, 1960). 

Geophysical Notes, v. 13, n. 1 (1960). 

Geophysical Prospecting, v. 8, n. 3 (Sept. 1960). 

Gerlands Beitrige zur Geophysik, v. 69, n. 4 (1960). 

Journal of Geomagnetism and Geovelectricity, v. 11, n. 4 
(1960); v. 12, n. 1 (1960). 

Journal of Geophysical Research, v. 65, nos. 9, 10 & 11 
(Sept., Oct., & Nov., 1960). 

Journal of Petroleum Technology, v. 12, n. 9 (1960). 

Mines Magazine, v. L, nos. 9, 10 & 11 (Sept., Oct., Nov., 
1960). 

Mining Engineering, v. 12, nos. 9, 10 & 11 (Sept., Oct., 
Nov., 1960). 

Nachrichten aus dem Karten- und Vermessungswesen, 
v. 1, n. 15 (1960). 

Physics Today, v. 13, nos. 9, 10 & 11 (Sept., Oct., Nov., 
1960). 

Proceedings of the Cambridge Philosophical Society, v. 
56, Part 4 (Oct., 1960). 

Quarterly Journal of the Geological Society of London, v. 
116, parts 2 & 3, nos. 462 and 463 (Oct., 1960). 

Transactions American Geophysical Union, v. 41, n. 3 
(Sept., 1960). 

Zeitschrift fiir Geophysik, v. 26, nos. 2 & 3 (1960). 
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MEMORIALS 


CARL COLQUITT CRENSHAW 


The many friends of Carl Colquitt Crenshaw 
were shocked and saddened to learn that he suc- 
cumbed to a heart attack on Saturday, Septem- 
ber 17, 1960. Carl was born in Lockhart, Texas, 
january 30, 1913. After graduating from Alvin, 
Texas, high school, he attended Southern Method- 
ist University where he took general academic 
courses. He completed — special 
courses in industrial and economic engineering, 


subsequently 


industrial labor management, and industrial psy- 
chology. Carl started his career with Phillips 
Petroleum Company in March, 1935, as a sur- 
veyor on a seismograph crew, progressing to party 
manager and assistant manager of the core drills. 
His work on Company seismograph crews took 
him to many locations throughout the southern, 
mid-continent, and northwestern areas of the 
United States. In July, 1939, he was transferred 


to the Bartlesville office and made superintendent 
of core drills. In August, 1950, he was made 
manager of personnel and equipment, and in Sep- 
tember, 1954, he was promoted to Administrative 
Assistant to the Manager of the Land and Geo- 
logical Department. 

Carl’s keen interest in people made him many 
friends in all walks of life. Strong devotion to his 
family, faithfulness to his company, love for his 
work, and loyalty to and pride in men working 
with him were the dominant factors of his life. He 
held membership in many societies and clubs, and 
was a member of the St. Luke’s Episcopal Church, 
Bartlesville, Oklahoma. 

Carl is survived by his wife, Dimple, and one 
daughter, Mrs. Jerry A. Futch, Pasadena, Texas. 
All his many friends deeply regret his passing. 

A. J. HINTZE 
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MEMORIALS 


FRANK VICTOR HENDRICKSON 


On May 13, 1960, “Vic” as he was known by 
all his friends and associates, passed on from 
cerebral thrombosis, at St. Luke’s Hospital, Hous- 
ton, Texas, after having been hospitalized five 


days. 

As far back as 1952 Vic had been handicapped 
by multiple sclerosis, which was a terrible blow 
to him as he was very athletic and always in- 
terested in all sports, and his friends marveled 


at his courage during this period. 

Born in Spickard, Missouri, on November 22, 
1901, Vic attended grade school and high school 
at Okmulgee, Oklahoma, having been very active 
in sports and, excelling in football, he was awarded 
an athletic scholarship to West Tennessee Teach- 
ers College (now Memphis State). His exploits are 
fondly remembered by his classmates. 

On December 4, 1926, he married Sue Robin- 
son, his high school sweetheart, who gave him 
encouragement and inspiration throughout his 
life. 

Aiter leaving college he joined a Roxana torsion 
balance crew at Beaumont, Texas, received his 
first training under A. Van Weeldon and later did 
field surveying for Dr. Ott on the Yates field dis- 
covery. 

Later, he joined Rycade and worked with tor- 
sion balance under the supervision of Dr. Donald 
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C. Barton. In 1927 he joined the Vacum Oil Co., 
as a party chief on their first torsion balance 
crew. The depression then forced the abandon- 
ment of the exploration department and in 
February 1931 he was transferred to the produc- 
tion department. 

Early in 1933 at the encouragement of Dr. 
Barton, Vic organized Hendrickson Exploration 
Co., which he operated until 1940. Then with the 
decreased use of the torsion balance, Vic, not 
daunted, decided to gain experience and to learn 
the other phases of exploration such as gravity, 
and seismograph. He then joined United Geo- 
physical Co. and did work for them in Venezuela 
and Alaska. 

In 1950 he went to Canada as party manager 
for Geophysical Associates, and in June 1952, he 
took over the direction of the seismic department 
of Geophysical Prospecting Co., in Calgary, Al- 
berta. It was the fall of this year that his illness 
began, and he took sick leave and did not return, 

After this time Vic worked as a seismologist for 
various Houston based firms, including Advanced, 
National, and Offshore Exploration Group. In 
1958, Vic, due to the worsened degree of multiple 
sclerosis, was forced to retire from active work, 
and a greater part of these last two years was 
spent in the hospital. 

In his busy and varied life Vic was also active 
in the St. Mark’s Episcopal Church, Society of 
Exploration Geophysicists, Houston Geophysical 
Club, Houston Engineer’s Club, Registered Geo- 
logical Engineer State of Texas, and in addition 
organized and was the first scout master for the 
troop sponsored by the Men’s Club-Southside 
place, Houston, Texas. 

He is survived by his beloved wife Sue, Hous- 
ton, Texas; son, Frank Victor Jr., and three 
grandchildren, Frank Victor III, Vivian Sue, and 
James Beaumont, of Louisville, Ky. A brother, 
Harry, Trenton, Mo., and a sister Miss Francis 
Hendrickson, Houston, Texas. 

Those of us who were privileged to know him 
will remember him as a wonderful person. 

GEORGE CONWILL 
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PATENTS 


O. F. RITZMANN* 


GEOCHEMICAL PROSPECTING 
U.S. No. 2,946,657. R. C. Reynolds, Jr. Iss. 7/26/60. 
App. 3/5/58. Assign. Pan American Petroleum Corp. 
Separating Illite for Geochemical Analyses. A method 
of separating illite from rock samples by disaggregating 
the mixture by action of supersonic vibration while the 
mixture is submerged in water, then separating as to 
particle size, and treating the clay-mineral portion 
with strong alkali and acids. 
GRAVIMETRIC PROSPECTING 
U.S. No. 2,949,536. W. G. Langton. Iss. 8/16/60. App. 
2/4/57. Assign. U.S.A. 
Method and Means for Vertical Attitude Determination. 
A system for determining the vertical at very high alti- 
tudes by optically scanning the horizon and using the 
modulation of light intensity to control servomotors 


that orient the scanning axis to reduce the modulation 
signal. 
U.S. No. 2,949,783. N. C. Butler. Iss. 8/23/60. App. 
10/28/57. Assign. U.S.A. 
Gravity Sensing Device. A device for actuating a con- 
tact upon loss of weight of a mass held by two arms ar- 
ranged to close an electrical contact when the mass 


loses weight as in free fall. 


U.S. No. 2,950,784. K. L. Hertel. Iss. 8/30/60. App. 
9/23/55. Assign. University of Tennessee Research 
Corp. 

Instrument Damping Devices. An on-off type of fric- 
tional damping device for an instrument that oscillates 
in a plane, the moving member of the instrument having 
a fork between whose tines a flexible strand is oscillated 
in a transverse plane so that the strand alternately con 
tacts the inside surfaces of the tines. 

MAGNETIC PROSPECTING 

U.S. No. 2,950,433. C. H. Kaplan and J. J. M. Pelen. 
Iss. 8/23/60. App. 10/22/54 and 10/13/55. Assign. 
Compagnie pour la Fabrication des Compteurs et 
Materiel d’Usines a Gaz. 

Measuring Device. An automatically compensating 
magnetometer having saturable core reactors in a bridge 
circuit with galvanometer balance indicator that con- 
trols a condenser feeding amplified a-c to field coils of 
a d-c generator that supplies measured compensating 
current to a coil around the saturable cores. 


* Gulf Oil Corporation, Patent Department. 


U. S. No. 2,950,434. F. Haalck. Iss. 8/23/60. App. 
8/23/57 and 8/21/58. Assign. Askania-Werke A.G. 
Calibration of Torsion Magnetometers. A system for 

calibrating a suspended magnet magnetometer by man- 

ually rotating the instrument so as to cause a known 
amount of a complementary component to act on the 
magnet and measuring its deflection. 


RADIOACTIVITY PROSPECTING 


U. S. No. 2,944,150. F. S. Replogle, Jr. and D. A. 
Gordon. Iss. 7/5/60. App. 6/17/54. Assign. U.S.A. 


Means for Modulating and Detecting Neutron Flux. A 
slow neutron detector having an ionization chamber 
surrounded by a boron-containing material to which a 
pressure wave of sonic frequency is applied, the a-c com 
ponent of the ionization chamber current being meas 


ured. 


U. S. No. 2,944,176. N. Anton. Iss. 7/5/60. App. 


7/13/53. 


Radiation Detector. A radiation detector having a 
toroidal chamber in a conductive casing with a perme- 
able window coated with a thin conducting layer, the 
toroid having a central circular electrode with conduc 
tive supports for the window. 


U.S. No. 2,946,888. S. A. Scherbatskoy. Iss. 7/26/60. 

App. 5/2/55. 

Nuclear Measuring System. A radiation detector hav 
ing two scintillating crystals arranged so that one sur 
rounds the other and with the phototube outputs fed to 
a coincidence circuit which adds the pulses. 


U.S. No. 2,947,870. J. W. Merritt. Iss. 8/2/60. App. 

4/12/55. 

Radiation Survey Method. A radioactivity prospect 
ing method in which gamma-ray measurements are 
made on the surface of the ground and soil samples are 
taken at each station, the mineral retentivity of each 
sample being measured in the laboratory and the gam 
ma-ray measurement corrected for soil retentivity. 


U.S. No. 2,948,812. H. P. Quinn. Iss. 8/9/60. App. 
5/23/57. Assign. Tung-Sol Electric Inc. 

Circuit for Geiger Counters. A Geiger counter circuit 
having a monostable multivibrator connected to a meter 
and with a gas discharge diode connected across the 
anode-cathode circuit of the normally conducting mul- 
tivibrator tube to eliminate pulse variation due to vari- 
ation in supply voltage. 
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U.S. No. 2,950,392. F. K. Campbell. Iss. 8/23/60. App. 
10/12/56. Assign. One-half to The Moran Corp. 


Method of E-xploration for Locating Hydrocarbons and 
Oil. A radioactivity prospecting method in which the 
indications of a radioactive gas detector, a gamma-ray 
detector, and a detector of all radiation are separately 


recorded and compared. 


U.S. No, 2,950,393. B. G. Southward. Iss. 8/23/60. 
App. 11/20/56. Assign. The Bendix Corp. 


Gamma Compensated Neutron Detector. A neutron de 
tector having an ionization chamber with a segmented 
neutron-absorbing shield, one segment being motor 
driven and acting as a shutter so that the a-c signal of 
the ionization chamber is a measure of neutron in- 
tensity. 


SEISMIC PROSPECTING 


U.S. No. 2,944,620. W. J. D. Van Dijck. Iss. 7/12/60. 
App. 5/4/54 and 5/3/55. Assign. Shell Oil Co. 
Method of Recording Seismograms and of Preparing 

Derived Seismograms. A method of portraying seismo 

grams by filtering the signal through a number of paral 

lel-connected electrical filters whose output signals are 
used to control mirrors that reflect varying areas of dif 
ferent color light onto a color film so that different fre- 


quencies are recorded in different colors. 


U.S. No. 2,945,378. R. W. Martin. Iss. 7/19/60. App. 
9/13/57. Assign. Physical Measurements Corp. 


Linear Accelerometer. A liquid-damped accelerometer 
whose mass is suspended on diaphragms with a wedge- 
shaped opening which is partially obstructed by a plate 
ona bi-metallic arm so as to correct the damping for the 
effect of temperature on viscosity of the liquid. 


U.S. No. 2,945,379. F. R. Barnes and L. R. Greenaway. 
Iss. 7/19/60. App. 8/25/55. Assign. Boeing <Air- 
plane Co. 

Accelerometer and Magneto-Resistive Llectromechanical 
Transducer Used Therein. An accelerometer whose 
suspended system carries a grid of magnetoresistive 
elements in a bridge circuit between the poles of a per 


manent magnet. 


U.S. No. 2,946,017. F. J. Murphree, Jr. Iss. 7/19/60. 
App. 12/28/56. Assign. U.S.A. 


Automatic Volume Control. An ave system in which 
a sample of the output signal is amplified, rectified, fil 
tered, and charges a condenser through a non-linear 
resistor having a negative voltage-resistance character- 
istic, and the condenser voltage is used to control the 


amplifier gain. 


U.S. No. 2,946,393. J. E. Hawkins. Iss. 7/26/60. App. 
6/19/53. Assign. Seismograph Service Corp. 


Method of Seismic Prospecting. A seismic profiling sys- 
tem in which the records are corrected for elevation and 
weathering by adjustment of the reproducing heads and 
corrected for step-out by means of cams that move the 
heads during reproduction to correct the records to a 


common datum plane. 


U.S. No. 2,946,643. J. S. Hutchison and A. B. Hilde- 
brandt. Iss. 7/26/60. App. 2/15/56. Assign. Jersey 
Production Research Co, 

Clipped Trace Recording of I:lectrical Signals. A chan- 
nelized recording system using a point source between 
two linear light sources so that small amplitudes are re- 
corded as a variable amplitude trace but large ampli- 
tudes are recorded in variable area form. 


U.S. No. 2,946,980. R. M. Bridges, E. W. Rudy, and 
J. A. Rummell. Iss. 7/26/60. App. 5/2/55. Assign. 
Bendix Aviation Corp. 


Sound Ranging System. An underwater echo ranging 
system using a directional hydrophone as sound gener- 
ator and receiver, and rotating the hydrophone step- 
wise into various azimuths and synchronously rotating 
the sweep of a c-r tube on which the returning signal is 


displayed. 


U.S. No. 2,947,377. R. A. Peterson. Iss. 8/2/60. App. 
10/3/52 and 11/29/56. Assign. United Geophysical 
Corp. 

Well-Shooting System. A velocity shooting system in 
which shots are located at the surface and a pressure- 
sensitive detector is lowered into the well on a cable to 


different depths. 


U. S. No. 2,947,945. M. J. Relis and W. Yuni. Iss. 
8/2/60. App. 11/5/54. Assign. Burroughs Corp. 


Time Domain Filter. A filter for eliminating from a 
train of pulses those pulses that are either shorter or 
longer than a selected duration. 


U.S. No, 2,948,880. R. S. Thatcher. Iss. 8/9/60. App. 
5/31/57. Assign. Dresser Industries, Inc. 


Apparatus for Producing Seismic Records. An appara- 
tus for correcting a seismogram for normal move-out 
during re-recording in which the play-back heads are 
individually moved in the direction of tape movement 
by means of arms that engage the head-moving slides 
and which are set to give the proper move-out for shal- 
low reflections and follow the proper geometry to de- 
crease the move-out with increasing time. 
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U.S. No. 2,949,974. W. Beuermann. Iss. 8/23/60. App. 
10/26/55. Assign. Seismos G.m.b.H. 


Seismic Exploration Apparatus. A reflection seismo 
graph recording system in which first arrivals are re 
corded without mixing and at a predetermined time 
after the shot moment the bias voltage is removed from 
a mixing tube so that subsequent reflection signals from 
the geophones are recorded with mixing. 


U.S. No. 2,950,459. G. B. Loper and R. R. Pittman. Iss. 
8/23/60. App. 8/30/51, 7/9/52, and 10/27/53. As- 
sign. Socony Mobil Oil Co., Inc. 


Seismic Record Display and Re-recording. A seismic 
re-recording system in which the field record is recorded 
in reproducible form and formed into an endless belt for 
reproduction on a c-r tube, predetermined portions of 
the record being selected for display by a timing line 
counting circuit controlled by the shot moment signal. 

See also Patents 2,943,694, 2,944,621, and 2,949,973 
listed under WELL LOGGING. 


WELL LOGGING 


U.S. No. 2,943,397. R. Ring. Iss. 7/5/60. App. 6/21/55: 

Assign. Sperry-Sun Well Surveying Co. 

Bore Hole Surveying Method and Apparatus. A well 
surveying apparatus having two spaced sets of recording 
inclinometers so that by operating in steps equal to the 
spacing it is possible to correct the survey for drift in 
the orientation gyroscope. 


U.S. No. 2,943,546. J. L. Gafford. Iss. 7/5/60. App. 
12/29/55. 

Shutterless Camera for Taking P*ctures of the Wall of a 
Well or the Like. A strip camera for a borehole in which 
the film is driven in synchronism with movement of the 
sonde in the hole and the sonde contains a transverse 
gyroscope to prevent rotation of the sonde. 


U. S. No. 2,943,694. C. Goodman. Iss. 7/5/60. App. 
5/17/54. Assign. Schlumberger Well Surveying Corp. 


Method and Apparatus for Exploring Boreholes. An 
acoustic logging system having two transducers on a 
pad that is pressed against the borehole wall with the 
transmitter energized with a-c and the receiver con- 
nected to a phase detector arranged to sensitize the re 
ceiver to shear waves so as to detect fissures and frac 
tures in the borehole wall. 


U.S. No. 2,944,148. F. F. Johnson and J. Tittman. Iss. 
7/5/60. App. 7/2/54. Assign. Schlumberger Well 
Surveying Corp. 

Apparatus for Investigating Earth Formations. A 
gamma-gamma logging device having a gamma-ray 
source and detector in a pad pressed against the bore 
hole wall, the detector being tilted with respect to the 
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vertical axis so that a short face of the pad can conform 
to the borehole wall. 


U. S. No. 2,944,149. G. Herzog. Iss. 7/5/60. App. 
8/9/51 and 10/9/56. Assign. Texaco Inc. 


Radioactivity Earth Exploration. A gamma-gamma 
logging device using a gamma-ray source and a short 
detector having a scintillating crystal, the detector 
measuring scattered gamma rays cver a zone whose 
axial length is less than one sixth of the distance from 
the source to the measuring zone. 


U.S. No. 2,944,621. R. J. Loofbourrow. Iss. 7/12/60 
App. 2/6/56. Assign. Texaco Inc. 


Testing Device for Acoustical Logging System. A device 
that may be placed in contact with an acoustic logging 
sonde for calibrating the latter and having a detector 
that picks up the acoustic impulse from the sonde’s 
transmitter and transmits it through adjustable delay 
lines to two transmitters in contact with the sonde’s re- 
ceivers. 


U.S. No. 2,945,129. G. Swift and D. E. Barkalow. Iss. 
7/12/60. App. 8/16/56. Assign. Well Surveys, Inc. 


Calibrator for Radioactivity Well Logging Instruments. 
A system for calibrating a well logging sonde that con- 
tains a radioactive source by placing the sonde in a tube 
made of material having a large scattering cross-section 
so as to return radiation to the sonde and providing an 
axially movable ring of material having a large capture 
cross-section between the sonde and the tube. 


U. S. No. 2,945,175. E. F. Egan. Iss. 7/12/60. App. 
12/21/56. Assign. Texaco Inc. 


Electrical Logging System for Exploring Subsurface 
Formations. A resistivity logging electrode pad carried 
on a plowshare having a pointed leading edge and a rib 
with a knife on its leading edge to cut and plow through 
the mud cake so that the electrodes on the pad contact 
the formation. 


U.S. No. 2,945,952. H. A. Bourne, P. L. Gant, and J. J. 
Reynolds. Iss. 7/19/60. App. 4/23/56. Assign. Con- 
tinental Oil Co. 


Method and Apparatus for Locating Producing Zones in 
Wells. A system for analyzing fluid flow into a well by 
isolating part of the well with two packers and having 
the fluid entering the zone between the packers flow 
past a water-soluble radioactive material and then past 
a radioactivity detector. 


U.S. No. 2,946,130. E. L. Groner and L. J. Herndon, 
Jr. Iss. 7/26/60. App. 3/29/57. Assign. Welex, Inc. 


Well Bore Caliper. A calipering device in which the 
feeler arms are connected by springs to a plate that adds 


| 
€ 
ye 
+ 
: 
d 
2 


PATENTS 115 


up the spring forces and transfers them to a single spring 
whose deflection is recorded. 


U.S. No. 2,946,889. N. L. Muench. Iss. 7/26/60. App. 
4/15/57. Assign. Jersey Production Research Co. 


Focusing System for Use in Radioactivity Well Logging. 
A radioactivity logging detector using two spaced de 
tectors, the forward one being spherical and the rear- 
ward one being annular, with each connected to a dis- 
criminator and coincidence circuit so as to count only 
coincident pulses that produce in the annular detector 
pulses of Compton-degraded energy. 


U. S. No. 2,947,086. W. G. Boyle. Iss. 8/2/60. App. 
10/28/58. Assign. Otis Engineering Corp. 


Release Assembly for Tubing Caliper. A calipering ap- 
paratus in which the feelers are locked by a sleeve hav 
ing an upward facing flexible cup so that release is 
effected by inertia of the well fluid when the apparatus 
is first pulled upward but the cup rolls over to prevent 
subsequent swabbing of fluid. 


U.S. No. 2,947,359. V. A. Josendal and R. J. Stege 
meier. Iss. 8/2/60. App. 4/8/57. Assign. Union Oil Co. 
of Calif. 

Method and Apparatus for Determining Direction of 
Fluid Flow in Boreholes. A system for determining the 
lateral direction of fluid flow in the formation pene 
trated by a borehole in which an annular distribution of 
soluble radioactive material in a porous carrier is placed 
in the formation and the azimuthal variation in radio- 
activity is measured on the axis of the borehole after a 
lapse of time. 


U.S. No. 2,947,869. E. F. Egan, G. Herzog, and A. S. 
McKay. Iss. 8/2/60. App. 10/22/54. Assign. Texaco 
Inc. 


Method of Studying Subsurface Formations. A method 
of obtaining an injection profile of a well by pumping 
similar fluids down the tubing to the bottom of the well 
and down the annulus, varying the relative rates of in- 
jection, and observing changes in the level of the inter- 
face by adding to one fluid a neutron reactive material 
so that the interface can be detected by a neutron log 
through the tubing. 


U.S. No. 2,948,810. R. L. Caldwell and S. E. Turner. 
Iss. 8/9/60. App. 10/25/54. Assign. Socony Mobil 
Oil Co., Inc. 


Delayed Gamma Radiation Log of Oxygen. A radio- 
activity logging system in which the formations are 
bombarded with high energy neutrons to activate 
oxygen to nitrogen-16 and the logging rate and the 
source-detector spacing are arranged to measure gamma 
radiation from decay of the nitrogen-16. 


U.S. No. 2,948,811. T. W. Bonner and R. L. Caldwell. 
Iss. 8/9/60. App. 11/8/54. Assign. Socony Mobil Oil 
Co.; ‘Ine. 


Neutron Production by Alpha Disintegration of Boron 
10. A carbon logging system using a neutron source 
made by mixing polonium or plutonium with boron 
highly enriched in B10, the source being surrounded 
with a gamma-ray shield, and using a detector of prompt 
4.8 mev. gamma-rays from carbon. 


U.S. No. 2,948,846. M. A. Coufleau. Iss. 8/9/60. App. 
11/1/56. Assign. Schlumberger Well Surveying Corp. 


Well Logging Systems. An induction logging system 
using a pulsed sinusoidal excitation and measuring the 
conductive component of the induced pulse at the in- 
stant when the potential applied to the transmitter coil 
passes through zero. 


U.S. No. 2,948,847. ¥. Bravenec and R. H. Huddleston, 
Jr. Iss. 8/9/60. App. 5/3/57. Assign. Welex, Inc. 


Electromagnetic Conductivity Detection. An induction 
logging system in which the in-phase component of the 
induced signal is used to modulate the center fre- 
quency of an f-m transmission system. 


U.S. No. 2,949,534. A. H. Youmans. Iss. 8/16/60. App- 
4/15/57. Assign. Well Surveys, Inc. 


High Temperature Scintillation Detector. A thermally 
insulated scintillation detector in which the photomulti- 
plier tube is inside the insulation and the phosphor is 
outside and the light passes through a window of low 
thermal conductivity in the insulation. 


U.S. No. 2,949,535. S. A. Scherbatskoy. Iss. 8/16/60. 
App. 2/9/55. Assign. PGAC Development Co. 


Nuclear Well Logging Method and A pparatus. A radio- 
activity logging system using a neutron source and sepa- 
rately detecting and recording gamma rays of about 7 
mev., neutrons of energy below 10 ev., and natural 
gamma-ray activity, a comparison of the intensities 
being made to locate trace elements indicative of oil. 


U.S. No. 2,949,973. R. A. Broding, J. O. Ely, and G. C. 
Summers. Iss. 8/23/60. App. 7/27/53. Assign. Socony 
Mobil Oil Co., Inc. 


Methods of and Means for Measuring Travel Times 
Through Earth Formations. An acoustic logging system 
in which high frequency timing pulses are counted dur- 
ing the travel of an acoustic pulse from a transmitter 
and receiver in the sonde, and the count is sampled each 
foot of vertical movement of the sonde and the samples 
integrated to give the total travel time. 


U.S. No. 2,950,538. A. H. Brandon. Iss. 8/30/60. App. 
4/3/58. 


Tubing Caliper. A calipering apparatus whose feeler 
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arms actuate bell cranks that control the position of a 

push rod that contacts electrical contacts connected 

through different resistances for determining the posi 
tion of the push rod. 

U.S. No. 2,951,198. A. Blanchard. Iss. 8/30/60. App. 
5/17/54. Assign. Schlumberger Well Surveying Corp, 
Well Logging Method and Apparatus. Apparatus for 

locating points of water entry in an oil well having a 

motor-driven screw impeller that emulsifies the water 

and drives well fluid past the plates of a condenser in the 
tank circuit of an oscillator whose frequency is indi 
cated at the surface. 

See also Patents 2,944,150, 2,946,888, and 2,950,393 
listed under RADIOACTIVITY PROSPECTING. 


MISCELLANEOUS 
U.S. No. 2,946,625. J. P. Crain and A. H. Crain. Iss. 
7/26/60. App. 2/13/59. 
Wheel for Marsh Vehicle 


ing a hub with side plates with staggered equally 


A marsh buggy wheel hav 


spaced arcuate recesses connected by spiral flutes. 


U.S. No. 2,946,926. M. M. Hawthorne. Iss. 7 
App. 3/6/58. Assign. Go Oil Well Services, Inc. 


26/60. 


Bore Hole Detector and Firing Apparatus. A combined 
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magnetic casing-collar locator and casing perforator in 
which the collar signal is induced in a high-impedance 
primary of a transfermer located between two perma 
nent magnets, the transformer also having a low-imped 
ance secondary connected to the perforator so that the 
latter may be fired by an impulse applied from the sur 
face through the transformer primary. 


U.S. No. 2,947,984. C. E. Hastings. Iss. 8/2 
3/22/57. 


60. App. 


Radio Position Determining System. A heterodyne 
phase-comparison radio location system using three sta 
tions each with a transmitter and receiver and with the 
respective signals heterodyned to give a combination of 
circular, elliptical, and hyperbolic range patterns. 


U.S. No. 2,949,766. D. Kirkham and B. L. Grover. Iss. 
8/23/00. App. 3/23/55. Assign. Iowa State College 


Research Foundation, Inc. 


Apparatus for Measuring Fluid Permeability of 
Porous Materials. A device for measuring the rate of air 
flow into a permeable material and having a graduated 
inverted cup that fits into an annular liquid-filled tank 
whose central opening is connected with a restricted area 
of the material, the rate of fall of the cup being meas 

ured. 
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KENNETH L. Cook received a B.S. degree in Physics 
in 1939 from the Massachusetts Institute of Tech- 
nology. During the next four years, he continued his 
studies in geology and physics at the University of 
Chicago, at the same time engaging in part-time teach- 
ing duties as a University Fellow and, during the last 
two years of attendance, as Instructor. Also, he taught 
a course in Geophysical Exploration for Oil at the Uni- 
versity of Chicago in 1941. In 1943 he received a Joint 
Ph.D. degree in Geology and Physics from the Univer- 
sity of Chicago. During 1943 to 1956 he was actively 
engaged in geophysical field work as geophysicist in the 
Division of Geophysical Exploration of the U. S. 
Bureau of Mines (1943 to 1946) and in the Geophysics 
Branch of the U. S. Geological Survey (1946-1953 full- 
time; 1953-56 part-time). This field work comprised 
chiefly strategic-mineral investigations in mining dis- 
tricts of the West in which he employed magnetic, 
gravitational, electrical (surface and well-logging), and 
refraction seismic surveys as guides in the exploration. 
He also made regional gravity surveys in parts of Mary- 
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land, Oklahoma, Kansas and Utah; resistivity surveys 
in the Tri-State zinc and lead mining district, and mag- 
netic surveys in Kansas. Since 1952 he has been Profes 
sor and Head, Department of Geophysics, University of 
Utah. His current research interests include regional 
gravity surveys in Utah to determine major crustal 
structures; studies of blasts to determine the layering 
of the earth’s crust; and laboratory studies of the 
propagation of seismic waves through rocks. 

He is a member of the American Geophysical Union, 
American Association of Petroleum Geologists, Amer 
ican Institute of Mining, Metallurgical, and Petroleum 
Engineers, Geological Society of America, Seismological 
Society of America, Sigma Xi, and Society of Explora- 
tion Geophysicists. He has been active on various com- 
mittees in both the AIME and SEG. In the SEG he has 
been a member of the Reviews Committee (1949-53) 
and the Geophysical Activities Committee (1954-59). 
He is currently First Vice-President of the Utah Geo 
physical Society, a local chapter of the SEG. He com- 
piled the subject index of the SEG Cumulative Index 


published in 1955. 


PETER E. GRETENER 


PETER E. GRETENER was born in 1926 in Berne, 
Switzerland. In 1949 he received the diploma as a 
petrographer from the Swiss Federal Institute of Tech- 
nology in Zurich. In 1953 he obtained his doctorate in 
geophysics from the same school upon completion of 
a thesis dealing with gravity measurements and their 
interpretation on the Swiss Plateau. He spent the follow- 
ing year at the Geophysics Laboratory of the University 
of Toronto working on age determinations. Since 1954 
he has been employed by the Shell Oil Company of 
Canada as a geophysicist and field geologist. Dr. 
Gretener is a member of the European Association of 
Exploration Geophysicists, the American Geophysical 
Union, the Canadian Society of Exploration Geo- 
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physicists, the Alberta Society of Petroleum Geologists 
and the Geological Society of Switzerland. 


MartTIN F, KANE 


MarTIN F. KANE received his Certificate in Engineer- 
ing in 1950 and his B.Sc. in Geology in 1951 from St. 
Francis Xavier University, Nova Scotia. From June 
1951 to April 1952 he was employed as mechanical engi- 
neer with the Department of Navy at the Portsmouth 
Naval Shipyard, Portsmouth, New Hampshire. In 1952, 
Mr. Kane joined the Geophysics Branch of the U. S. 
Geological Survey and since 1954 has specialized in 
gravity studies in the western United States, Cuba, and 
New England. He is a member of SEG, GSA, AGU, and 
the Geological Society of Washington. 


L. S. Morrison 


L. S. Morrison entered Whittier College, Whittier, 
Calif. in 1946 after serving over three years in the U. S. 
Army Air Corps. He graduated in 1950 with a B.A. de- 
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gree in Physics. In 1952 he graduated from The Colo- 
rado School of Mines with a Master of Science degree in 
Geophysical Engineering. From 1952 to 1957 he worked 
as a geophysicist in the Los Angeles office of Humble Oil 
and Refining Co. In March of 1957 he was transferred to 
The Carter Oil Co. as a staff geophysicist in the Tulsa 
office where he was placed in charge of electronic data 
processing in geophysics. 

He has served as Editor for the Los Angeles area for 
the Pacific Coast SEG Digest and was Vice-President 
for the southern section of The Pacific Coast Society of 
the SEG. 


Louis C. PAKISER, JR. 


Louis C. PAKISER, JR., received the degree of Geo 
logical Engineer from the Colorado School of Mines in 
1942. He served as Junior Geophysicist with The Carter 
Oil Company from 1942 to 1943 and Geophysical Com- 
puter from 1946 to 1949. He was on military leave from 
1943 to 1945, serving in an Army topographic mapping 
unit. In 1949 he accepted the position of National 
Executive Director of the American Veterans Commit- 
tee and served in that capacity until 1952. Mr. Pakiser 
has been serving as a Geophysicist with the U. S. Geo- 
logical Survey since 1952, with whom he is now Chief of 
the newly-established Crustal Studies program with 
headquarters in Denver, Colorado. 

Mr. Pakiser has been doing graduate work in geo- 
physics at Stanford University from 1957 to present, and 
graduate work in applied mathematics at the University 
of Colorado from 1958 to present. 

Mr. Pakiser is a member of the Society of Exploration 
Geophysicists, American Geophysical Union, Seismo- 
logical Society of America, Geological Society of 
America, European Association of Exploration Geo- 
physicists, and the American Association of Petroleum 
Geologists. 


Davin S. SEABROOKE 


Davin S. SEABROOKE was born in Leeds, England in 
1924. He received his B.Sc. (Hens.) degree in electrical 
engineering from Leeds University in 1945. A year later 
he joined Seismograph Service Ltd. as seismic observer 
in Trinidad, B.W.I. He returned to Trinidad in 1948 as 
seismologist with Weiss Geophysical Co. and was pro- 
moted to party chief the following year. Mr. Seabrooke 
has worked in South Africa, Middle East, West Indies 
and Canada in both petroleum and mining exploration. 

In 1951 he joined Seaboard Oil Co. as review geo 
physicist in Alberta, Canada. A year later he accepted a 
similar position with Dominion Oil Ltd. (Standard of 
California) in Port of Spain, Trinidad, becoming Geo- 
physical Supervisor in 1954 in charge of offshore opera- 
tions. In 1958 he was transferred to Cochabamba, 
Bolivia as Senior Geophysicist of Bolivia California 
Petroleum Co., a subsidiary of California Exploration 
Co. (Standard of California). 

Mr. Seabrooke is a member of the S.E.G. and 


E.A.E.G. 


CHARLES W. TITTLE received a B.S. degree in 1939 
and an M.S. degree in 1940, both from North Texas 
State College. The undergraduate fields of study were 
physics and chemistry, and the master’s degree was in 
chemistry. He received the degree of Ph.D. in physics 
from the Massachusetts Institute of Technology in 
1948. He held the Gulf Oil Corporation Fellowship in 
physics at MIT from 1945 to 1948, and prior to that 
time served as a second lieutenant in the Signal Corps 
of the Army of the United States. He has had nine 
years of teaching experience in physics, electronics, and 
nuclear engineering at North Texas State College, MIT 
Radar School, and Southern Methodist University, and 
a total of seven years of industrial research and ad- 
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CHARLES W. TITTLE 


ministrative work involving applied nuclear physics at 
Gulf Research & Development Company and Tracer- 
lab, Inc. For a number of years he has acted as a private 
consultant. He is author or co-author of twelve technical 
papers and was elected a Classic Author of GEopuysics 
in 1960. He has received a number of patents, mostly in 
nuclear well logging. He is a member of the American 
Physical Society, the Institute of Radio Engineers, the 
American Nuclear Society, the Society of Petroleum 
Engineers of AIME, Sigma Xi, Sigma Tau, and Pi Tau 
Sigma. Dr. Tittle took up his current duties as Professor 
of Nuclear Engineering at Southern Methodist® Uni- 


versity in 1957. 


ANDRIS VIKSNE 


ANDRIS VIKSNE was born in Riga, Latvia in 1934, but 
has lived in the United States since 1950. He received an 
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A.B. degree in Geological Sciences from Harvard Uni- 
versity in 1956. In 1958 he received a M.S. degree in 
geophysics from the University of Utah. 

He spent the summer of 1958 as a Geophysicist at the 
New Mexico Institute of Mining & Technology and did 
work in the fields of gravity and induced polarization. 
Since 1959 he has been employed by Texaco Inc. as a 
seismic computer. 

He is a member of the Society of Exploration Geo- 
physicists, Sigma Xi, American Geophysical Union, 
Seismological Society of America, Mineralogical Society 
of America, and American Association for the Advance- 


ment of Science. 


RoBErRT J. WATSON 


ROBERT J. WATSON was graduated from the Univer- 
sity of Toronto in 1925 with a B.A. in Geology, followed 
by an M.A. in 1926. Field experience in Precambrian 
geology, further graduate studies in geology, physics 
and mathematics at California Institute of Technology 
and the University of Colorado, instructing in geology 
and geophysics and a year of field research in electrical 
methods led to a Ph.D. at the University of Colorado in 
1933. 

Joining the Carter Oil Company in 1936, Dr. Watson 
has continued with Jersey Standard Companies. In 
1939-40 he supervised and interpreted magnetic and 
gravity surveys for Standard Oil Co. of Egypt and from 
1946-48 he was Exploration Manager for Standard Oil 
Co. (Bahamas) Ltd. He is now with Humble Oil & Re- 
fining Co. (Carter Division) and as Senior Geophysicist 
continues to be associated with magnetic and gravity 
exploration both for Humble and Jersey’s foreign affili- 
ates. 

Dr. Watson is a member of the Society of Exploration 
Geophysicists, the American Geophysical Union and the 
Geophysical Society of Tulsa. 
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GEORGE P. WooLLARD 


GEORGE P. WooLrarp received his B.S. (Civil Engr.) 
from Georgia Inst. Technology in 1937,an M.S. (Geologi- 
cal Eng.) in 1934, the M.A. (Geology) from Princeton 
University in 1935, and the Ph.D. (Structural Geology) 
from Princeton University in 1937. He did post doc- 
torate work in geophysics at Lehigh University in 1938- 
39. He has been a Professor of Geophysics at the Uni- 
versity of Wisconsin since 1951. 

Since 1948, he has been Chairman of the Special 
Committee for the Geological and Geophysical Study 
of the Continents of the American Geophysical Union 
and past director of the American Geological Institute, 
Trustee of the Bermuda Biological Station for Research, 
consultant to the Mapping and Charting Laboratory 
of Ohio State University, member of the advisory 
committee to the Office of Naval Research and review 
panel for Fulbright Fellowships, U. S. National Com- 
mittee for the International Geophysical Year Tech- 
nical Panel on Gravity and Seismological Measure- 
ments, Space Science Board. 


S. H. YUNGUL 


S. H. YunGut was born in Istanbul, Turkey, in 1919. 
He attended the Mathématiques Speciales school in 
Tours, France, in 1938-1939, where he was awarded the 
mathematics prize. He received his B.S. in Mining En- 
gineering from the Montana School of Mines in 1943, his 
M.S. in Geological Sciences (Geophysics) in 1944 and 
the degree of Geophysical Engineer in 1945, both from 
the California Institute of Technology. 

He was employed from 1945 to 1952 by M.T.A. 
Enstitusu of Turkey, as party chief, supervisor and chief 
geophysicist, from 1952 to 1955 by Etibank of Turkey as 
chief geophysicist. He joined California Research 
Corporation, in 1955, where he holds the position of 
senior research geophysicist, and is, at present, with A. 
and M. College of Texas, on a leave of absence from 
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MEMBERSHIP APPLICATIONS RECEIVED 


Applications for active membership have been re 
ceived from the following candidates. This publication 
does not constitute an election but places the names be 
fore the membership at large, in accordance with By 


laws, Article IIT, Section 4. References are listed in 


parentheses following the names of each candidate. If 


any member has information bearing on the qualifica- 
tions of these candidates he should send it to the presi- 
dent within thirty days. 
FOR ACTIVE 


APPLICATIONS TRANSFER TO 


MEMBERSHIP 

W. C. Abbott (Ralph C. Cole, R. J. Graf, O. G. Hole 
camp, Glen Robertson) 

Richard P. Barnes (E. L. Wells, W. B. Goodenow, L. E. 
Whitehead, Frank Searcy) 

James R. Bingel (W. E. Heinrichs, R. C. Holmer, G. R. 
Rogers, J. C. Hollister) 

J. S. Blankenship, Jr. (J. M. Kendall, Merrill Smith, 
A. M. Knouse, R. O. Beightal) 

Verlon Boysen (Louis Poindexter, W. B. 
Lea, Don Melton) 

Wm. R. Brown, (J. A. Harris, Alvin F. Barker, Irvin B. 
Murray, Jr., Emory V. Dedman) 

Tomas E. Bullock (R. A. Patterson, Flint H. Agee, 
Frank Press, C. W. Schmidt) 

Robert H. Carlyle (R. B. Ross, R. J. Copeland, H. J. 
McGrew, M. B. Dobrin) 

Frank Clynch (Frank Searcy, J. M. Crawford, W. E.N. 
Doty, L..E. Whitehead) 

Robert L. Comer (J. J. S. Hamilton, W. G. Smith, A. A. 
Dame) 
Gunter Wm. Conrad (C. N. 
McKay, W. A. Seal, Jr.) 
Charles W. Dick (Booth B. Strange, Neal P. Cramer, 
Charles W. Nicholls) 
Wm. H. Diment, (J. R. 
Joesting, Isidore Zietz) 

Julius P. Edge (I. L. Nash, J. N. Wilson, J. E. Dorris, 
Bill Baugh) 

C. W. Faessler (E. B. Nichols, D. G. McKay, Harold D. 
Seigel) 

James F. Farley (Karl Dyke, M. B. Widess, H. F. 
Patterson, J. D. Novotny) 

John E. Feather (W. T. Lea, J. M. Holmberg, J. M. 
Armstrong, John Clements) 

Robert O. Harlow (L. G. Morris, G. E. Blackledge, J. G. 
Jackson, N. K. Moody) 

J. O. Hilburn (Karl Dyke, H. F. 
Novotny, H. K. Richardson) 

Edward Johnston, Jr. (K. E. Burg, M. E. Trostle, M. D. 
Gontarek, C. E. Allen) 

Milton H. Lea (P. C. Cook, F. W. 
Eubank, R. S. Majure) 


Page, C. J. Lomax, A. E. 


Balsley, R. J. Bean, H. R. 


Patterson, J. D. 


Bohanan, B. J. 


Robert J. MacGregor (J. A. Hafer, R. J. Copeland 
A. H. McKee, H. J. McGrew) 

Harold A. Mayfield (G. O. Morgan, J. B. Meitzen, L. A. 
Markley, Max Walthall) 

Harold R. McCermack (R. J. Koenig, J. Swistek, J. A. 
MacMillan, J. J. O’Bertos) 

Edw. F. Murray, Jr. (T. O. Hall, Chester Sappington, 
Henry Werth, S. W. Tift) 

J. V. S. Narayana (A. A. Fitch, T. 
Smith, G. L. Bennett) 

Frederick D. Nichol (Andre Farando, E. H. 
Michel Gallinaro) 

Graves E. Noble (A. W. Musgrave, R. N. Gsell, G. W. 
Isensee, W. E. Jackson) 

John J. O’Bertos (H. R. McCormack, R. J. Koenig, J. 
MacMillan, J. Swistek) 

Chas. B. Officer (M. Ewing, J. B. Hersey, J. L. Worzel, 
J. W. Berg) 

Glenn Robertson (G. H. Samuels, O. G. Holekamp, 
C. H. Gregory, W. Oudt) 

Stephen R. Rokke (K. E. Burg, R. D. Everett, R. H. 
Rainey, J. F. Stephens) 
Amalendu Roy (P. K. B. Charua, D. K. Ganguly, T. C. 
Bagchi, S. N. Gupta) 
Daniel Schwartz (T. J. 
James Affleck) 

Howard A. Slack (Isidore Zietz, H. O. Seigel, S. H. 
Ward, D. J. Salt) 

A. K. Spence (R. F. Zimmerly. E. 
Rendeu, R. M. Tready) 

David J. Stuart (L. C. Pakiser, R. M. Hazelwood, R. A. 
Black, W. H. Jackson) 

Stanislaw Tokarski, (H. J. McGrew, Jim Hafer, Gordon 
Hollingshead, A. H. McGee) 

Bruce C. Wentner (EF. J. Stulken, R. 
R. D. Everett, B. I. Giles) 


E. Edwards, J. K. 


Hume, 


O'Donnell, L. W. Gardner, 


G. Haines, H. R. 


C. Dunlap, Jr., 


APPLICATION FOR ACTIVE MEMBERSHIP 


Charles E. Carlberg (T. R. Warrick, L. C. Nelson, L. F. 
Kehneman, Jr.) 

Wm. Harry Clark (G. Reimpel, R. J. Biley, J. E. 
Procter, R. D. Featherstonhaven) 

Lloyd G. Lantinga (M. W. Dewis, A. E. Pallister, C. D. 
Nelson, G. R. Ham) 

Wm. Bennett Moody, (W. H. Reese, L. J. Waddell, 
C.H. Elliott, G. L. Laird) 

James A. Nelson (Wm. H. Adamson, Jr., C. N. Page, 
B. F. Owings, L. O. Dawson) 

Frank N. Tullos (F. J. Feagin, W. D. Mounce, D. H. 
Gardner, Miss Mona Guiler) 

Howard E. Turner (R. W. Upshaw, R. E. Butler, G. M. 
Mace, Jr., R. P. Clark) 

George H. Warburton (S. R. Marsh, E. J. Laurent, H. J. 


Yorston, E. L. Tomlin) 
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ANNOUNCEMENTS 


31ST ANNUAL INTERNATIONAL MEETING SOCIETY OF EXPLORATION GEOPHYSICSTS 
NOVEMBER 53-9, 1961, DENVER HILTON HOTEL, DENVER, COLORADO 
THEME: EXPLORATION IN A CHANGING WORLD - 


General Chairman: Ralph C. Holmer, Bear Creek Mining Company, AM 06-2141 
516 Acoma Street, Denver 4, Colorado 
Vice-Chairman, Finance: C. L. Barker, E. I. DuPont Company, MA 3-1253 
922 Midland Savings Building, Denver, Colorado “ 
Technical Program: J. E. White, The Ohio Oil Company PY 4-2601 
Box 269, Littleton, Colorado 
Exhibits: Franklin H. Persse, Hercules Powder Company SK 6-8779 
3062 South Steele, Denver, Colorado ; 
: a Housing: Charles E. McMunn, Tower Exploration, Inc., SU 9-2527 
; 3600 South Huron Street, Denver, Colorado 
Publicity: Milton H. Collum, Petroleum Geophysical Company KE 40253 
2011 Glenarm Place, Denver, Colorado 
Publications: James E. Thompson, Sun Oil Company, AM 6-2181 
Box 1798, Denver, Colorado 
Registration: Arthur W. Black, Continental Oil Company CH 44311 
1041 Continental Oil Building, Denver, Colorado 
Arrangements: Wendell H. Merrill, Trans-Con Exploration, Inc. AM 06-3161 
1700 Broadway, Denver, Colorado 
Transportation: Kenneth R. Wells, General Geophysical Company FL 5-5969 
Entertainment: G. J. Petsofi, Forest Oil Corporation AM 6-2651 


1610 Denver Club Building, Denver, Colorado 


SEG MIDWESTERN EXPLORATION MEETING, OKLAHOMA CITY, OKLAHOMA 
APRIL 9, 10, & 11, 1961, SKIRVIN HOTEL 


PROGRAM: John Bemrose Sohio Oil CE 5-7571 
Technical Program Robert H. Peacock Superior Oil CE 2-6306 
Meeting Arrangements D. Ray Dobyns Mobil Oil CE 2-7191 
Publicity Harry R. Imle Humble O&R, Carter Div. JA 35-5451 

ARRANGEMENTS: Kenneth R. Gilleland Pasotex Petr. CE 35-8551 
Housing Elmer A. Opfer Seis-Tech CE 2-7579 
Registration John V. Franklin Atlantic Refining Co. JA 5-3361 

FINANCE: Charles E. Davis Pan American Petr. CE 2-6381 
Advertising Sales Michael Flynn Tennessee Gas Trans. CE 5-4471 
Program Printing H. Carroll Talley Sohio Oil CE 535-7571 
Entertainment Harry R. DeVinna Central Exploration JA 5-5511 

SUPERNUMERARY: A. Jack Oden Mobil Oil CE 2-7191 

Ben W. Smith Conoco CE 2-1371 
Charles L. Howell Sohio Oil CE 5-7571 
Colin Campbell SEG, Tulsa GI 7-4438 
SPECIAL VOLUME ON ENGINEERING agree to serve as Special Editor for this volume. Dr. 
GEOPHYSICS Drake has been fortunate to secure the services of Dr. 


Howard Pincus of The Ohio State University and Dr. 
“The Editor is privileged to designate the February, James Gould, Moran, Proctor, Mueser, and Rutledge, 


1962 number as a special issue on Engineering Geo- to assist him in the development and preparation of this 


physics and to have Dr. Charles L. Drake of the La- publication. 
1e mont Geological Observatory, Palisades, New York, “The special issue will afford an excellent opportunity 
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Gropnysicists NAME 1960-1961 OFFICERS 


The Southwest Louisiana Geophysical Society of Lafayette, Louisiana, recently elected new officers. 


From left to right: (seated) Charles B. Vidrine, 


2nd Vice-President; Glynn Schuchardt, President; 


Bill Flowers, 1st Vice-President; (standing) John Murphy, Secretary; Dick Hollenbaugh, Past Presi- 


dent; Glen Hunter, Treasurer. 


for creating interest in an important and one of the 
newer fields of geophysics by collating informative 


papers. It is hoped that the papers will cover both the 


theoretical aspects peculiar to this division of geophysics 
and excellent case histories illustrating this method. The 
entire profession is encouraged to begin immediately to 
send manuscripts to Dr. Drake for his consideration.” 


SPECIAL VOLUME ON MINING 
GEOPHYSICS 

At the 30th Annual Meeting of the Society of Ex- 
ploration Geophysicists held in Galveston, Texas, the 
Executive Committee and the Council approved the 
publication of a special volume on mining geophysics. 
Editor of the new volume will be Ralph C. Holmer. 
Stanley H. Ward, H. V. W. Donohoo, and G. R. Rogers 
will serve as associate editors. July 1, 1963 has been set 
as the date of publication. 

The volume will cover the main geophysical methods 
employed in mineral exploration. Basic theory, physical 
property tabulations, results of model studies, and inter- 
pretation techniques will be included—illustrated by 
field results and case histories. The philosophy and eco- 
nomics of mineral exploration will be emphasized. 

RALPH HOLMER 


ASSOCIATE EDITOR RESIGNS 

The Editor regretfully announces the resignation of 
Mr. Turner L. Kunkel as an Associate Editor due to his 
new duties as Division Manager, Domestic Producing 
Department, Los Angeles Division, Texaco, Inc. 


FRANKLIN INSTITUTE AWARDS JOHN PRICE 
WETHERILL MEDAL 

Mr. Victor VacquiER, Research Geophysicist, 
Scripps Institution of Oceanography, University of 
California, LaJolla, Calif., was recognized for “his im- 
portant invention of the sensitive saturating core 
magnetometer element, and his development of the first 
practical airborne magnetometer, providing the funda- 
mental principles which are basic to the later develop- 
ments.” 

Mr. Vacquier was born in 1907 in Leningrad, Russia. 
He received his Bachelor of Science degree from the Uni- 
versity of Wisconsin in 1927, and his Master of Arts in 
1928. For two years he taught Physics at Wisconsin. In 
1930, Mr. Vacquier joined the Gulf Research and De- 
velopment Company as a geophysicist. While working 
at Gulf, Mr. Vacquier developed his airborne magnetom- 
eter for which he was granted a patent in 1946, 
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Victor VACQUIER 


In 1942, Mr. Vacquier joined Airborne Instruments 
Laboratory at Columbia University. From 1944 to 1953 
he was Marine Instruments Engineer with Sperry 
Gyroscope Company. Then he became a Principal 
Geophysicist and Professor of Geophysics at New 
Mexico Institute of Mining and Technology. 

In 1957, Mr. Vacquier joined the Marine Physical 
Laboratory of The University of California’s Scripps 
Institution of Oceanography as a Research Geophysi- 
cist. A participant in several of Scripp’s long expeditions 
in the Pacific, Mr. Vacquier’s present principal scientific 
interest is geomagnetism. 

Mr. Vacquier is a member of the Geophysical Union, 
the Geological Society of America, and the Society of 
Exploration Geophysicists. 

AIME ELECTS OFFICERS 

The American Institute of Mining, Metallurgical, 
and Petroleum Engineers has elected Ronald R. 
McNaughton, of Trail, British Columbia, as President 
for 1961. 

Mr. McNaughton, will take office on Feb. 28, 1961, 
during The Institute’s Annual Meeting in St. Louis. He 
is Manager of the Metallurgical Division of The Con- 


solidated Mining and Smelting Co. of Canada, Ltd. Mr. 
McNaughton will succeed Dr. Joseph L. Gillson, of 
Wilmington, Del., who continues as President of AIME 
until Feb. 28. Dr. Gillson formerly was Chief Geologist 
of E.I. du Pont de Nemours & Co. 

Lloyd E. Elkins, of Tulsa, production research di- 
rector for the Pan American Petroleum Corp., will be- 
come the AIME President-elect in February, pointing 
toward his election as President for 1962, following Mr. 
McNaughton’s term. 


“EXPLORATION GEOPHYSICS—TODAY AND 
TOMORROW” 


The Canadian Society of Exploration Geophysicists 
will sponsor a Conference to be held in the Palliser 
Room, Palliser Hotel, Calgary, Alberta on February 27, 
1961. The program, with the speakers confirmed to date, 
is as follows: 


Economic Aspects 


Influence of World Oil Reserves on Exploration Eco- 
nomics 
Invitation pending 
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Economics of Geophysics in Oil Exploration 
Paul L. Lyons, Chief Geophysicist, Sinclair Oil and 
Gas Co., Tulsa, Okla. 

Trends and Prospects in Mining and Engineering Geo- 

phivsics 
Norman R. Paterson, Chief Geophysicist, Hunting 
Survey Corp., Ltd., Toronto, Ont. 

Problems of the Geophysical Contractor 
Charles M. Moore, Vice President, Geophysical 
Services Inc., Dallas, Texas. 

Geophysics’ Share of Todays Exploration Dollar 
Invitation pending 

Technical Aspects 

Technical Limitations of Present Geophysical Tools 
W. T. Born, Director of Laboratories, Geophysical 
Research Corp., Amerada Petroleum Corp., Tulsa, 
Okla. 

Current Research to Improve Effectiveness of Standard 

Geophysical Methods 
F. A. Van Melle, Research Seismologist, Shell De- 
velopment Co., Houston, Texas. 

Status of Direct Oil Finding Methods (Geochemical, 

Electrical, etc.) 
Invitation pending 

Personnel Problems 

Statistics on Employment of Exploration Geo physicists 
Colin C. Campbell, Business Manager, Society of 
Exploration Geophysicists, Tulsa, Okla. 

Alternative Employment for Geophysicists in the Oil 

Industry 


D. C. Jones, Vice-President for Production, Hud- 
son’s Bay Oil and Gas Co., Calgary, Alta. 

Impact of the Present Slump on Geophysical Education 
John C. Hollister, Head of the Dept of Geophysics, 
Colorado School of Mines, Golden, Colo. 

Address by S.E..G. President 

How Geophysicists Can Meet the Present Situation 
Dr. J. P. Woods, Director of the Geophysical 
Laboratory, Atlantic Refining Co., Dallas, Texas. 

The primary purposes of this meeting, relative to the 

current situation in exploration geophysics (particularly 
in the oil industry) and its outlook for the future, are as 


follows: 


1. To present authoritative information on various 
aspects of the situation. 
To offer the opinions and analyses of recognized 
leaders in geophysics and related fields. 
To provide a forum for discussion by those attend- 
ing, particularly geophysicists and representatives 


of management. 


The material to be discussed in the papers will be 
pertinent to all areas of exploration activity, but par 
ticularly to those in the United States and Canada. 

The Canadian Society of Exploration Geophysicists 
will hold their Annual Meeting in conjunction with this 
conference. 

Further details, segarding the hour at which each 
paper will be given, the speakers for the other topics and 


the possibility of a luncheon or dinner meeting, will be 


published as soon as they are available 
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Beginning with the year 1957, the Bulletin (Izvestiya) — stracts, if available, of all papers on subject matter 
Academy of Sciences, USSR, Geophysics Series, has been — which may be of interest to members of the Society will 
available in English translation under the auspices of | from time to time be reprinted in Gropuysics. Titles 
the American Geophysical Union. A large number of ar- and abstracts will be selected to include principally 
ticles which appear in this journal contains subject mat- _ those dealing with all branches of exploration geophys- 
ter of direct or indirect interest to the members of the ics and geochemistry and with those disciplines which 
Society. It is not feasible to obtain reviews for publica- are closely related. Principal omissions will be in meteor- 
tion in Geopuysics of all such papers. Accordingly, be- — ology, hydrology, and some branches of oceanography 
ginning with the issue of February 1961, titles and ab- — and aeronomy. 


Bulletin (Izvestiva) January, 1960 Academy of Sciences, U.S.S.R., Geophysics Series. 


Convection in the Earth's Mantle Possibilities are discussed for determining the velocity 
“ae in sediments by the experimental amplitude graphs of 
multiple reflected water waves. 
Less than 6% of the total output of the sources of 

heat responsible for convection can be transmitted to Origin of the Reversed Magnetization of Volcanic Rocks 
the earth’s crust, that is not more than 10% erg/year. from Armenia and the Kuril Islands 
This does not contradict an estimation of the output of CS. Ac Boeminen 
tectonic processes according to seismic data. 

Investigation of volcanic rocks from Armenia and 
The Frequency Theory of Interference Systems. I the Kuril Islands showed Early Quaternary—Upper 
F. M. HouzMann Pliocene rocks to be magnetized in a direction opposite 
to the present geomagnetic field. A detailed investiga- 
tion of the magnetic properties, the stability character- 
istics, the content of the ferromagnetic fraction, and of 


The paper examines problems of the synthesis of in- 
terference systems for the separation of waves having 
different apparent velocities in the directions of the co Ca 

‘ ae the thermo-remanence of directly as well as reversely 
ordinate axes. In the general case, the synthesis of inter- é : ; 
: magnetized samples in the laboratory did not reveal 
any great differences among them. The origination of 
the reversed polarity of the rocks can be explained quite 
justifiably with the reversal of the earth’s magnetic field 
as a whole during Early Quaternary-Upper Pliocene 
times. 


ference systems is reduced to the selection of three- 
dimensional frequency characteristics and to the calcu- 
lation of their reciprocal Fourier integral. The frequency 
characteristics of the discrete systems are periodic. An 
examination is made of the basic concepts of the theory 
of filtration of velocities on the basis of which the fre- 
quency characteristics are selected. The article adduces Oy Short-Period Variations of the Regional Electromag- 
examples of the synthesis of interference systems by the eric Field 
assumed values of the apparent velocities of effective aes _—. 
A. G. KALASHNIKOV AND E. N. MOKHOVA 
Short-period variations of the earth’s electromagnetic 
field (pulsations, pulsation trains and bays) registered 
simultaneously at four IGY stations in the USSR are 
discussed. 


Dynamic Peculiarities of Multiple Reflected “Water” 
Waves in the Ocean and Their Use in the Determination 
of Elastic Waves in Sediments 
A Study of the Triboelectric Effect in Rocks and in Certain 
In this paper an analysis is conducted of the travel electrics by Means of a Dynamic Method 
time and amplitude curves of multiple reflected water . 
waves found on profiles of deep seismic sounding in the 
Sea of Okhotsk and the Pacific Ocean. It is found that marble, plexiglas, polystyrene, amber 
It is shown that the shape of the amplitude graphs is and ebonite, having been electrified by friction, display 
determined by a change in the reflection coefficient in very strong electrical oscillations when elastic vibra- 
relation to the incidence angle at the ocean floor. tions pass through them. Conclusions are made con- 
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cerning the bulk polarization of the dielectric appearing 
during the frictional electrification process based on the 
presence of polarity in the effect and on observations of 
the inverse tribolectric effect in marble and plexiglas. 


Study of the Propagation ef Elastic Waves of Ultrasonic 
Frequency Over Small Distances in Rocks, Under Condi- 
tions of Natural Deposition 


V. I. MyACHKIN AND R. N. SoLov’EVA 


A method is presented for studying the propagation 
of elastic waves with frequencies on the order of 50 ke, 
at short distances. Results of studies in the Kalush 
potassium mine are described, where the velocities and 
elastic constants in the potassium salts are determined. 


Certain Results of Model Investigations According to the 
Inductive Method 

B. S. SVETOV 

Converted and Reflected Waves on Azimuthal Seismograms 
of Earthquakes in the Garm Region 

E. V. GLIVENKO 

Some Special Features in the Structure of the Earth's 
Crust in Central Asia According to Records of High-Power 
Explosions 


V. I. ULomov 


On the Evaluation of the Intensity of Farthquakes in the 
Territory of China 


E. F. SAVARENSKY AND MEI SHI-YUN 


The Feasibility of Using the Larth’s Natural Electromag 
netic Field for Geological Surveying 


N. P. VLADIMIROV 


An Apparatus for Measuring Small Remanent Magneti- 
cation of Rocks 


V. I. Dianov-KLoKkov 


An apparatus for measuring small remanent mag 
netization of rocks is described; it utilizes the ‘‘rock 
generator” principle. For cubic samples with dimen 
sions 24X 24X24 mm and a time constant of r=1 
sec the sensitivity of the apparatus amounts to /min 
=5X10°5 gauss (signal to noise ratio=1). The sample 
holding chuck which has a light mass introduces small 
systematic perturbations which can be circumvented 
without any special arrangement to compensate for 
them. The possibility of constructing a pulse type “rock 
generator” of higher sensitivity is also considered. 

On the Diurnal Variation of Earth Current Disturbances 
as Observed by Soviet Stations During the IGY 

V. M. MisHIN O. M. BarsuKov 

The Dependence of the Damping of Impulses in Layers of 
Finite Thickness on the Frequency Spectra 

O. G. SHAMINA 


The Influence of the Character of a Lava Flow on the For 
mation of Remanent Magnetization of Rocks 


G. I. KRUGLYAKOVA AND V. V. KRUGLYAKOV 
Seminar on Seismic Regional Divisions of the Carpathians 


CHRONICLE 


Geophysical Prospecting, Vol. 8, No. 3, Sept., 1960, Official Journal of the European Associa- 


tion of Exploration Geophysicists. 


Experiments with Static-Resistant Blasting Caps 
J. H. BANVILLE AND H. RICHARD 


Premature detonation of seismic blasting-caps may 
be caused by the accumulation of an electrostatic 
charge. This is especially true in desert areas where there 
are many sandstorms. 

Two makes of static resistant cap have been tested 
in the laboratory and the results compared with those 
for non-resistant caps made by the same manufacturers. 
The full results are given in the table, the breakdown 
voltage for the resistant caps is in the range 20-30,000 
volts as compared with the range 10-15,000 volts for 
the ordinary cap. 

It is strongly recommended the static resistant caps 
should always be used and that experiments on prema 


ture detonation from this cause should be made in the 
field. 

In January 1960, 20 crews in the Sahara used a total 
of 146,150 static-resistant blasting caps. 


Diffraction Problems in Fault Inter pretation 
Bruno F. J. Kunz 

Distinguishing between diffractions and true reflec 
tions is often difficult and may lead to misinterpreta- 
tions. In the Molasse zone of Upper Austria, numerous 
faults were established by seismic surveying. Diffrac- 
tions were observed at several antithetic faults but not 
at synthetic faults. As an example, a seismic record sec- 
tion of the Steindlberg structure is shown. The reflec 
tions from the base of Tertiary and from the Creta 
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ceous-Jurassic contact run parallel over long distances, 
and so do the less important reflections lying above and 
between. If, contrary to the general trend, the reflection 
from the base of the Tertiary approaches the underlying 
reflection from the Cretaceous-Jurassic contact, or if 
the latter diverges from the former, this is considered a 
criterion for a diffraction. 


Development of New Techniques A p plie d io the Search for 
Stratigraphic Traps 


LL. CARISSIMO AND O. D’AGosTINO 


The “Summarizer” is a new device designed and man 
ufactured by the Agip Mineraria Electronic Labora 
tories which gives an output which is a function of the 
total energy detected by the geophone spread. This 
paper gives some examples of its use in stratigraphic 
mapping 

Test surveys have been carried out in an area of the 
Po basin where the formations show many facies varia 
tions. Three gas fields of known geological features were 
considered. The usefulness of various methods of repre 
sentation was evaluated as well as the contribution 
given by the new device. It was noticed that the results 
given by the “Summarizer,” when added to those ob 
tained by standard and ‘“‘variable area” sections, supply 
the interpreter with new useful elements. Lateral facies 
variations between gravels and shales have been recog 
nized and localized. 


The Use of Amplitudes in Refraction Shooting —A Case 
History 


P. N. S. O'BRIEN 


On a group of seismic refraction records there occurs a 
late arrival with the same apparent velocity as an earlier 
arrival. It was first thought that the late arrival 
travelled along the same refractor as the earlier one but 
had been delayed in the overburden either by multiple 
reflection or by P-S (dilatation to shear) conversion. 
Either of these two mechanisms could be made to fit 
the time-distance data. A study of the ratio of the ampli- 
tudes of the two events showed that the observed ratio 
was about ten times that to be expected on either of 
these hypotheses. Also, the rate of attenuation of the 
earlier arrival (3.7+1.0 db/1000 ft) was appropriate 
to a thin layer while the rate for the later arrival 
(0.74+0.30 db/1000 ft) was appropriate to a thick 
layer. Accordingly, the later arrival was identified as a 
efraction from a deeper layer. 

The subsequent depth section agreed very well with 
that found by drilling. 


Elastische Wellen im Anisotropen Medium Nach Eine 
Makroseismischen Untertage-Messung 
S. J. Dupa 


In some mines of the Siegerland, besides dilatational 
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and shear waves, an additional direct wave has some 
times been found the velocity of which was somewhat 
lower than that of the shear wave. Investigations were 
carried out with the object to establish the directions of 
oscillations and the velocities of all three kinds of waves. 
It was the purpose to draw conclusions as to the charac 
ter and the causes of the appearance of the third wave. 

By these investigations the wave having the lowest 
velocity can be identified as a second shear wave. This 
points to the fact that double refraction of the shear 
wave is taking place, the wave of higher velocity being 
a pure transverse wave and the wave of lower velocity 
being a quasi-transverse wave. 

As a result of these measurements the examined 
medium is shown to have a transverse isotropy due to 
stratification. It is, however, not possible to decide 
whether there exists also an anisotropy due to schis- 
tosity. 

Some further calculations show that the wave of low- 
est velocity can not be explained as a surface wave 
propagated on the walls of the gallery. 


General Method for Construction of Trajectories and 
Wave-Fronts Diagram for Any Velocity Distribution 


V. A. OLHOVICH 


A graphical method is presented for construction of 
trajectories and wave-front diagrams for any velocity 
distribution. 

The analytical solution is given for the case when the 
time-depth curve shows a flexure, that is, when the 
velocity increases down to a certain depth and, after 
reaching a maximum, begins to decrease. 

A numerical example is considered for the computa 


tion of a trajectory. 


A Generalized Cagniard Graph for the Interpretation of 
Geoelectrical Sounding Data 
O. KOEFOED 

The Cagniard method of interpreting geoelectrical 
sounding data is based on the use of an empirical graph 
which expresses the relation between the resistivity and 
thickness of the second subsurface layer on one side, 
and on the other side the replacement resistivity and 
replacement thickness which are derived from the two- 
layer sounding curve which is asymptotic to the second 
branch of the observed sounding curve. In his method 
separate graphs of this type are required for different 
values of the resistivity of the third subsurface layer. 
In the present paper a generalized Cagniard graph is 
derived which has the advantage of being independent 
of the value of the resistivity of the third subsurface 
layer. Finally, the accuracy of the method is discussed, 
and a procedure is described for extending its use to 
cases where more than three subsurface layers intervene. 
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PERSONAL ITEMS 


Dr. GEORGE V. KELLER, former geophysicist with the 


U. S. Geological Survey, was named assistant professor 
of geophysics and physics. His bachelors, masters and 
doctors degrees all came from Pennsylvania State 
University. 

C.H. G. O_puaM formerly Senior Research Geophysi 
cist with California Research Corporation has accepted 
a Fellowship which will enable him to study aspects of 
the Earth Sciences in the Orient. He is presently study 
ing languages at the School of Oriental and African 
studies in the University of London. 

Mr. WALTER RUSKA resigned as president of Ruska 
Instrument Corporation to establish offices as a con 
sultant in various phases of instrumentation. His new 
address is 4215 Richmond Ave., Houston 27, Texas. 

Dr. HuGHES ZENOR is now Professor of Geophysics, 
Dept. of Geology, Missouri School of Mines, Rolla, 
Missouri. 

Mr. JAMes L. Moopy formerly with P. R. Ruther 
ford, an independent oil operator, is now chief geologist 
for Rycade Oil Corporation. 

J. Burin JoHNson, formerly with Newmont Ex 
ploration Ltd., is now project leader in charge of rock 
fragmentation research with the U. S. Bureau of Mines, 
Minneapolis, Minnesota. 

The University of Utah has announced the appoint 
ment of ANTHONY DEL PRETE, JR. of Amityville, N. Y. 
as the Pan American Petroleum Foundation fellow in 
geophysics at the University for the 1960-61 academic 
year. 

Mr. Del Prete, who will study for the M.S. degree in 
geophysics, is a graduate of Amityville high school, at- 
tended Hofstra College, Hempstead, N. Y., and holds a 
B.S. degree in geology from the Missouri School of 
Mines at Rolla. 

Dr. Leo J. 


Associate Director of Gulf Research & Development 


Peters, formerly a Vice-President and 


Company (Harmarville, Pa.), Gulf Oil’s research sub 
sidiary, has been promoted to the newly created office of 
Vice-President and General Administrator of GR & DC. 
In his new position, Dr. Peters will be responsible for the 
day-to-day operations of the Laboratory. 

A pioneer in the field of geophysics, Dr. Peters is 
recognized both nationally and internationally as a 
geophysicist and communications engineer. He was the 
author of the first book in America on vacuum tube cir- 
cuit theory. 

Educated at the University of Wisconsin, he was 
graduated with his B.S. degree in Electrical Engineer- 
ing in 1919, and earned his Ph.D. degree in 1929. During 
this period he served for a time as Assistant Professor of 
Electrical Engineering at the University of Wisconsin. 


As a member of the staff of Gulf Research & Develop 
ment Company, with which he has been associated since 
1929, Dr. Peters has devoted his time to many phases of 
the fundamental theory of geophysical methods, the 
interpretation of grophysical data, and the design of 
equipment. 

Dr. Peters was named Director, Geophysical Opera 
tions, GR& DC in 1945 and in 1951 he was assigned addi 
tional responsibility as an Assistant Director of Re 
search, a position he held until his appointment as Asso 
ciate Director of Research and his election as a Vice 
President, GR&DC, in 1953. 

He is a Fellow of the American Physical Society, 
Senior Member Institute of Radio Engineers, Member 
of American Institute of Electrical Engineers, and Ac 
tive Member, Society of Exploration Geophysicists and 
the Pittsburgh Geological Society, and American 
Society for the Advancement of Science. 

W. FE. Dickson Supervisor for G.S.I. (Bahamas) Ltd. 
has moved from London to Madrid, Spain. Present 
office address is: Castellana Hilton Hotel, Room 319, 
Madrid, Spain. 

R. H. PARKER, Executive Vice-President of Dresser 
Electronics, SIE Division, has announced that Roy F. 
BENNETY has joined the firm as Assistant to President 
GEORGE A. Peck. This is a new position established to 
foster Cooperative research and development work by 
industrial and governmental agencies in earth-science 
fields. 

Mr. BENNETT, most recently a petroleum exploration 
consultant in Oklahoma City, was Chief Geophysicist 
and Foreign Exploration Manager for Sohio Petroleum 
Co. for fifteen years. Prior to these duties he had been 
with geophysical contracting companies for thirteen 
years. 

American Association of 


He is a member of the 


Petroleum Geologists and Society of Exploration Geo- 


physicists and has been active in both organizations. He 


is a past-president of SEG. 

Mr. Bennett will reside in Houston, Texas. 

Dr. JoHN S. STEINHART is now a National Science 
Foundation Fellow at Department of ‘Terrestrial 
Magnetism, Carnegie Institution of Washington. 

Davin M. Metre, formerly with Empire Geophysical 
Co.’s Velocity Logging Division, has been promoted to 
District Manager of the Mississippi District for Pan 
Geo Atlas Corporation. Pan Geo Atlas Corporation 
purchased the Velocity Logging Division of Empire 
Geophysical Company in Feb. of this year. 

Mr. Martin J. Goutp terminated employment with 
Space Technology Laboratories, Inc., and commenced 
employment with the Aerospace Corporation. 
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e 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


HUBERT L. SCHIFLETT 
States Exploration Company 
Seismic, Gravity and Magnetic Surveys 


Highway 75 North 
SHERMAN, TEXAS 


53313 Richmond Road 
HOUSTON, TEXAS 


H. B. SMYRL 


Portable Seismograph, Inc. 


706 Frost National Bank Bldg. 
San Antonio 5, Texas 


ROBERT H. RAY 
GEOPHYSICAL ENGINEERING 
SEISMIC . . . GEOGRAPH .. . GRAVITY 
MAGNETIC SURVEYS 
e 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


SAM D. ROGERS 
Rogers Geophysical Company 


Rogers Explorations, Sociedad Anonima 


3616 West Alabama Houston 6, Texas 


NELSON C. STEENLAND 
Gravity Meter Exploration Company 
Geophysicist 


3621 W. Alabama Houston 27, Texas 


R. C. SWEET 
Geophysicist 


1111 Bering Dr. Houston, Texas 


C. WHITNEY SANDERS 
Consulting 
Petroleum Geologist-Geophysicist 


U. S. and European Exploration 
1132 Bank of the Southwest Building 
HOUSTON 2, TEXAS 


Seismic Reviews Field Supervision 
KIRBY J. WARREN 
Geophysical Consultant 


909 Continental Life Building 
Fort Worth, Texas ED 2-9073 


Please mention GEOPHYSICS 


when answering advertisers 
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TEXAS 


CANADA 


E. DARRELL WILLIAMS 
Geophysicist 


Specializing in Radiometric Exploration for Oil 
3114 PRESCOTT ST., HOUSTON 25, TEXAS 
PHONE 3-3991 


W. F. STACKLER 
Consulting Geophysicist 


Phone CHery 4-7303 
1937 25th Avenue S.W. 
CALGARY, ALBERTA 


JOHN H. WILSON 
Exploration Consultant 


1201 Sinclair Bldg. 
FORT WORTH, TEXAS 


CHARLES C. ZIMMERMAN 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


ENGLAND 


WM. P. OGILVIE 
Geophysicist and Geologist 


GEOPROSCO LIMITED 


20, ALBERT EMBANKMENT LONDON S.E.11 


WYOMING 
Exploration Geology Seismic Reviews 
Evaluations Seismic Supervision 


JOHN F. PARTRIDGE, JR. 
Consulting Geologist—Geophysicist 


P.O. Box 258 Room 211 O-S Building 
Phones 2-6485 and 2-3328 CASPER. WYOMING 


CANADA 


R. E. DAVIS 
Farney Exploration Company, Ltd. 
Geophysical Consultant 
Specializing in Seismic Interpretation 
830-8th Avenue West 
CALGARY. Alberta, Canada 


JOHN O. GALLOWAY 
Petroleum Consultant 


805 Eighth Avenue South West 
AMherst 2-9018 CALGARY, ALBERTA 


THEODORE KOULOMZINE 
Geologist & Geophysicist 
Koulomzine & Brossard Ltd. 

P.O. Box 880, VAL D’OR Que. Canada. 

Rm 905, 80 Richmond St. W. Toronto, Ont. Can. 
Rm 1014, 132 St. James St. W. Montreal, Que. Can. 


For Information 
On inserting your card 
in the 


Professional Directory 


Write 
Business Manager 
Box 1536 
Tulsa |, Oklahoma 


Please mention GropHysics when answering advertisers 
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Kodak 
Linagraph 
Direct Print Paper 


EXTRA THIN 


TAPED DATA 


MADE INSTANTLY VISIBLE 
THIS PAPER 
CAN TREATED 
STAY VISIBLE 


For those who are using direct-writing 
types of oscillographs to see what data 
the magnetic tape is gathering at the in- 
stant it is gathering it, we are offering a 
way to preserve the visible record so that 
it will remain visible even though sub- 
jected to bright light of diazo or photo- 
copying machines. 

The first essential is to load Kodak 
Linagraph Direct Print Paper into your 


oscillograph. 

After your immediate reading, give the 
written record a simple preservation treat- 
ment, as recommended, with Kodak Lina- 
graph Permanizing Developer. That does 
the trick. 

The ‘‘as recommended”’ part we will 
tell you, but first we should know how you 
handle your records and what you want to 
be able to do with them. Tell us in a note. 


EASTMAN KODAK COMPANY 


Photorecording Methods Division 
Rochester 4, N.Y. 


TRADE MARK 
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Whether you hit the right spot or go 
astray may be determined by the accu- 
racy of your aim. 


based on practical application of the latest proven scien- 


tific methods, you can benefit from our broad experience 
and acquaintance with oil provinces throughout the world. 


Call, wire or write for prompt, 
accurate geophysical surveys: 


E. V. McCOLLUM CRAIG FERRIS 
515 Thompson Bldg. Ph. LUther 2-3149 


TULSA, OKLAHOMA 


Foreign Affiliate: 


Please mention GEOPHYSICS when answering advertisers 
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LOOKING FOR SOMETHING? 


For airborne and 
ground geophysics, 
geologic mapping, 
photogeology, 
geochemical surveys, 
petroleum and mining 
exploration, we 


invite your inquiry. 


HUNTING GEOPHYSICAL SERVICES, INC. 


(Contractors and Consultants) 


10 Rockefeller Plaza, New York 20, N.Y. 


A Member of the World-wide Hunting Group. 


Please mention GropHysics when answering advertisers 
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RAK 


HANNOVER-HAARSTRASSE 5 


GERMANY 


PHOWE: 86661 - TELEX: 92280647 - CABLE: PRAKLA 


Please mention GEopHysiIcs when answering advertisers 
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NOW SAVE MONEY AND TIME 
WITH OUR GEOPHYSICS 
INSTRUMENTS! 

We offer a complete line of Magnetometers, 
ground and airborne; Electromagnetic systems; 
Self potential equipment; Resistivity equipment; 
and Gravity Meters. Write for literature on your 

application, 
ART HOWE AND COMPANY 


Geophysics & Electronic Instruments, Dept. Z 
811 Kansas Ave., Atchison, Kansas 


DON'T MISS... 


Y,, 


in 


of the 
S.E.G. 


DENVER HILTON HOTEL 
DENVER, COLORADO 
NOVEMBER 5-9, 1961 


The Allison 201 Continuously 
Variable Filter 


HERE'S A NEW 
PASSIVE NETWORK 
FILTER IN THE 
SUB-AUDIO RANGE 
The new Allison 201 Filter goes 
into the sub-audio range, yet retains 
the desirable characteristics of 
Allison Filters in the audio range. 
The low noise, low distortion and 
excellent transient handling capa- 
bilities of the 201 make it excel- 
lent for heart studies, geophysical 
work, low frequency vibrations, 
servo-systems and similar sub- 
audio frequency spectrum studies. 


ALLISON 201 SPECIFICATIONS 

Impedance — 600 ohms 

Passive network 

e 30 db per octave attenuation rate 


@ Independent high cutoff and 
low cutoff sections 


Low insertion loss 
Smooth pass band 
Negligible ringing 


Frequency coverage —1 to 
256 cps 


Shipping weight: 35 Ibs. 
Price: $695.00 FOB Factory 
Proved dependable 


in years of service 


Allison 
Laboratories, Inc. 


11301 OCEAN AVENUE 
HABRA, CALIFORNIA 


Please mention GreopHysics when answering advertisers 
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PARK 


AREA) II 


Aero Service Corporation offers 
Airborne Magnetometer Surveys of 
WYOMING 


A survey of Area I, covering the Green 
River Basin, Rock Springs Uplift, is 
already completed, with precise aero- 
magnetic maps and data immediately 
available. Surveys of Area II, Powder 
River Basin, and Area III, Big Horn 
Basin, are now being flown, with results 
expected to be available beginning next 
February. A survey of Area IV will 
be flown at the completion of those 
covering Areas II and III; specifications 
and schedules for it will be released at 
a later date. 


Map scale is | inch=2 miles. Maps 
show latitudes and longitudes on a 
10-minute grid, plus townships and 
ranges, and are in atlas sheet form, 
1 degree by | degree. Contour interval 


is 10 gamma, except in areas of very 
steep gradients. In data reduction 
procedures, objective has been | gamma 
accuracy. 

For complete information, please write 
to: 


AERO SERVICE 
CORPORATION 
Airborne Geophysics Division 


210 East Courtland Street 
Philadelphia 20, Pennsylvania 


World’s Oldest Flying Corporation 


Please mention GEopHysics when answering advertisers 
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One camera...five displays! 


From SIE comes the first means of obtaining five displays from only one oscillograph... 
and with but one galvo block! m Choose variable-density, variable-area, conventional 
wiggle, variable-density-and-wiggle or variable-area-and-wiggle superimposed. Simple 
lens-box change converts from variable-density to variable-area. m Timing lines may 
be generated internally from either flasher tubes or standard timing motor. Consistency 
of paper drive is assured by a synchronous motor with built-in 400 cps power supply. 


Answer all your oscillograph recording needs with one instrument 


the T 
DRESSER ELECTRONICS DIVISION 


“ ty Phone or write for the COMPLETE brochure. 


| view 10201 Westheimer Houston 42, Texas P. 0. Box 22187 SUnset 2-2000 
| CABLE: SIECO HOUSTON TWX: HO-1185 
Call: SUnset 2-2083 
MEXICO CANADA EUROPE 
% SIE Mexico Southwestern Industrial Electronics (Canada) Limited S 1 E Division of Dresser AG 
ue La Fragua No. 13 5513 Third Street S. E., Calgary, Alberta, Canada Muhlebachstrasse 43, Zurich, Switzerland 


Desp. 201 Mexico 1, D.F. Phone: Alpine 5-6601 Telephone: 32 84 87/89 + Telex: 526 83 
Phone: 35 2407 Cables: Dresserzur Zurich 
46 45 20 
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SIE’S PMR-20 


Portable FM Magnetic Recording System 


Wide Freque! 


e Negligible 


_ 
e No Modulati LOIS if 


Over sixty systems 
presently in use 
supplying full spectrum 
High Fidelity FM Magnetic Recordings 
for today AND TOMORROW! 


There is no reason why you should not now record CONDENSED SPECIFICATIONS 
the FULL spectrum of energy in each shot for 

processing by today’s techniques or by whatever Channels: 24 geophysical 

better method may be evolved in the future. The pdb break, up-hole, 100 eps and 
SIE PMR-20 “RecorData” FM system gives you Frequency response: 1 cps to 300 cps within ] db; 3 db down 
such data for refraction, conventional and high- 
frequency operation and does it all with 
low-power drain and miniaturized construction. cancelling 

The complete 24-channel transistorized system is taps tal averages 6-10 db higher 


¥ housed in two compact, lightweight units. It pro- Harmonic Pesan Less than 1% ; 

rossfeed: elow noise level of recording system 

: vides high-fidelity frequency-modulated recordings Relative timing accuracy: + 0.25ms wits 

< on standard SIE tapes from the output of stand- Power requirement: Standby Operating 

2 Record 2 amp 7 amp 
ard .geophysical amplifiers. System performance Playback 1.5 amp 6.5 amp 


‘ : 12 volts D.C 

is not dependent on tape quality. Look at the Dimensions: MR-20 Recorder—844"W x 24%"H x 15° 

brief technical description on the right. . . then MU-20 Master Unit—8%"W x 2412”H x 10%2"D 
Weight: MR-20 Recorder—60 Ibs 

write or call for complete information. MU-20 Master Unit_—45 Ibs 


DRESSER ELECTRONICS DIVISION 


10201 Westheimer ° Houston 42, Texas ° P. 0. Box 22187 ° SUnset 2-2000 
CABLE: SIECO HOUSTON TWX: HO-1185 
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SIGNAL CONTROL 


With unique light-sensitive photocells as losser ele- 
ments, the PT-100 eliminates the usual amplifier 
AGC problems. The critical “diode-balancing” com- 
mon to other types of AGC circuits is never required. 
There is no direct electrical coupling between AGC 
and signal paths to cause distortion and oscillation. 
Signal voltages do not cause distortion when ap- 
plied across losser elements as with diode bridge 
circuits. Drift and temperature instabilities are 
eliminated. There is a useful operating range of 
from one microvolt to one volt input — 1,000,000 to 
1! Total harmonic distortion under all normal field 
operating conditions does not exceed 0.5% includ- 
ing heavy reflection standout. External 4 kc signals 
may be used for programmed-gain operation during 
amplitude studies. AGC performance down to 5 cps 
allows use of the PT-100 in refraction work with 
AGC control. 


FREQUENCY RESPONSE 

The broad band response extends from 3 to 500 
cps. Ten logarithmically-spaced cut-off frequencies 
are provided — from 16 to 135 cps for the low-cut 
and 23 to 235 cps for the high-cut filter positions. 
poo or two sections (18 or 36 db/octave) may be 
used. 


NOISE 

Noise is less than 0.3 microvolt for “filter-out” 
bandpass and drops to 0.1 microvolt for normal 
filter settings — as good or better than most vacuum 
tube amplifiers. 

OPERATION 

Operator-oriented master controls provide separate 
record and playback adjustments for both “early” 
and “final” gain, Complete built-in amplifier test 
units make testing and control adjustments rapid 
and easy. 


The PT-100 will provide you a new dimension in 
recording from refraction through normal reflection up to high 
frequency use. Phone or write for the COMPLETE brochure. 


DRESSER ELECTRONICS DIVISION 


10201 Westheimer ° 


Houston 42, Texas ° 
CABLE: SIECO HOUSTON 


P. 0. Box 22187 ° SUnset 2-2000 


TWX: HO-1185 
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Every Shot Counts! 


Don't try to save pennies on doubtful recording supplies 


With the cost of each shot climbing every year, you can’t afford to take chances — 
especially when the most you have to gain is pennies! SIE guarantees quality .. . 
quality controlled by a team that has been building a reputation for over 15 years. And 
it is this reputation that is the vital difference to you. 

SIE can’t afford to take chances either. We cannot let a record lost because of 
doubtful supplies reflect in any way on our instruments. Nor can we maintain our 
reputation unless you can count on us— EVERY time. 

Since 1951 we have supplied more seismic instrumentation than all our competitors 
combined. Only SIE, as the world’s largest supplier of both instruments and supplies, 
can be truly qualified to know exactly what is best for your use. Because we have 
earned this qualification . . . because we are constantly surveying your field needs... 
because we can work with all manufacturers and suppliers of recording materials — 
because IT’S OUR JOB — you can be sure that the [SIE] on the package guarantees 
the contents to be the BEST, carefully selected for your needs regardless of the product 
brand inside. 


Call SIE...and MAKE EVERY SHOT COUNT 


DRESSER ELECTRONICS [sie] DIVISION 


10201 Westheimer ° Houston 42, Texas . P. 0. Box 22187 ° SUnset 2-2000 
CABLE: SIECO HOUSTON TWX: HO-1185 
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ing Surveys — SPARKER 


ontrol— PRECISION R 


MARINE GEOPHYSICAL SERVICES CORP. 


2418 TANGLEY 
HOUSTON 5, TEXAS 
Phone — JA 6-4428 Cable — MARGEO 


Please mention GropHysics when answering advertisers 
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Petroleum Exploration Surveys—GAS EXPLODER AND 

Survey Location ¢ ADAR NAVIC 
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BETTER 
SEISMOGRAPH 
SERVICE 


TEXAS SEISMOGRAPH CO.,INC. 


1502 EIGHTH WICHITA FALLS, TEXAS 


BERT F. DUESING, INC. 


“Selling Atlas Explosives” 
AND 


Manufacturers of Blasting Agents 


Magazines and Plant Magazines 


BIG LAKE, TEXAS HASKELL, TEXAS 


phone phone 
Big Lake 500 UNion 4-2456 


Please mention GreopHysics when answering advertisers 
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The Decca Navigator Company Ltd 
\ 


A 
a new offshore survey system operating 
on high frequencies using 
lightweight equipment 


HI-FIX equipment can be deployed in either the TWO RANGE or HYPERBOLIC forms by deploying 
the master station ashore or on the survey vessel, no equipment changes being required 


Two-Range Hi-Fix. The two-range version gives the mazi- 
mum accuracy obtainable from the system with only two accuracy service for an unlimited number of users 
shore stations and no lattice charts simultaneously. 


HI-FIX offers for the first time a system that is: 


precise, compact, lightweight, highly mobile and suitable for all 
forms of hydrography, offshore exploration, engineering survey, 
dredging, etc. free from the bugbears of ‘beat notes’, modulated 
transmissions, multiple frequencies, reference stations, wide 
bandwidths and interference. Based on the sound principles and 
employing the same techniques as the Decca Navigator System 
which is now used in its basic forms by more than 6,000 vessels, to 
say nothing of the many survey chains throughout the world. 
Hi-Fix is the answer for those small inshore areas where Hyper- 
bolic or Two Range Decca is not justified on economic grounds. 
Normal Decca and Hi-Fix stations can be co-sited to give the 
precision pattern inshore (lane identified by the normal patterns) 
combined with the long working range of the normal Decca System. 


THE DECCA NAVIGATOR COMPANY LTD LONDON ENGLAND 


Please mention GropHysics when answering advertisers 
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C. N. PAGE A. E. "SANDY" McKAY 


Central Office 
Continental Life Bldg. 
Fort Worth, Texas 
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Field party on survey for proposed Can- § 
yon Dam on Texas’ Guadalupe River. 


SPEED HYDROLOGIC STUDY 


OF RESERVOIR BASIN 


A ground-water and geologic survey, involving water table iso- 
grams for 400 square miles adjoining the proposed Canyon Dam 
Reservoir on Texas’ Guadalupe River, recently was completed 
in 35 days. Despite difficult terrain and maximum relief of 1000 
feet, over three hundred spot elevations were taken during this 
period. The speed with which this work was done is attributed 
to the use of the two-base method of altimetry employing three 
Wallace & Tiernan Type FA-176 Surveying Altimeters. 


Technical data on the FA-176 Altimeter include: Range — any interval 
of 2000’ up to max. limit of 5000’; Accuracy — 2.0’; Sensitivity — 0.5’; 
Scale Length — 20”; Dial Size — 842” dia. 


For details on FA-176, send for Bulletin No, A-117.42 


WALLACE & TIERNAN INCORPORATED 


25 MAIN STREET, BELLEVILLE 9,NEW JERSEY 
IN CANADA: WALLACE & TIERNAN LTD,,WARDEN AVE., TORONTO 13, ONT. 


Please mention GrEopHysics when answering advertisers 
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A New Look at VARIAN’S 
MAGNETOMETER FAMILY 


The “Proton Free Precession” types find diverse applications; 
an “Optical Pumping” instrument extends research capabilities. 


The simplicity, ruggedness and 
absolute accuracy made possible 
by Russell Varian’s “Proton Free 
Precession” concept has made 
proton magnetometers the world 
standard in less than a decade 
Using this principle, total mag- 
netic intensities are quickly meas- 
ured, without critical orientation 
or calibration requirements. Re- 
cent application of the “Optical 
Pumping" concept has enabied 
Varian Associates to develop a 
rubidium vapor magnetometer, 
with the highest sensitivity avail- 
able today. This new instrument 
measures total magnetic intensi- 
ties on a continuous basis. 


AIRBORNE 


The V-4914 Airborne\ Magnetome- 
ter (proton) is a rugged, light- 
weight and compact\version of 
Varian’s Station Magnhetometer 
Sensitivity and accuracy are of 
observatory quality. Coarse- and 
fine-scale strip-chart records may 
be supplemented with punched- 
tape. The virtually indestructible 
“bird” contains no mechanical or 
electronic parts. Varian’s \ V-4914 
is easily accommo:iated in single- 
engined aircraft. Range: 22)500 to 
73,400 gammas. 


For further information on magnetometer sales or 
leases in many countries of the free world — For 
loan of the Varian 16 mm color and sound movie 
on proton magnetometry — For copies of Varian's 
new Geophysics Technical Memorandum Series 
— call, wire or write Instrument Division 


NMR & EPR SPECTROMETERS, MAGNETS. FLUXMETERS GRAPHIC RECORDERS, MAGNETOMETERS MICROWAVE TUBES, MICROWAVE SYSTEM COMPONENTS HIGH VACUUM EQUIPMENT. LINEAR ACCELERATORS, RESEARCH ANO DEVELOPMENT SERVICES 


OBSERVATORY 


Varian’s V-4931 Modular Station 
Magnetometer (proton) is a highly 
versatile and accurate monitor of 
the earth's magnetic field. Strip- 
chart analog records and digital 
readout are supplemented by 
Printed-tape output which may be 
engaged, as desired, to provide 
permanent digital records. The 
V-4934 Station Magnetometer (ru- 
bidium vapor) is particularly suit- 
able for measuring and recording 
geomagnetic micropulsations. 


OCEANOGRAPHIC 


An accessory “‘fish’’ towed up to 
five hundred feet astern of the 
hydrographic vessel is the sens- 
ing adjunct to Varian’s V-4931 for 
oceanographic survey work. Suit- 
able for broad-scale undersea 
mapping or offshore geophysical 
exploration, it furnishes informa- 
tion of observatory quality. Ana- 
log and digital readout and rec- 
ords, accuracy and operating 
range are identical to the observa- 
tory model. 


PORTABLE 


The Varian M-49, a complete pro- 
ton magnetometer weighing less 
than 20 Ibs., furnishes direct read- 
ings in gammas every six sec- 
onds. Sensitive to better than +10 
gammas, it requires no calibra- 
tion or levelling and is so versa- 
tile it can make equally accurate 
field records from surveys on 
land, in the air, or over water. 
Eight plug-in tuner ranges, equal- 
ly spaced from 19,000 to 101,000 
gammas, allow operation through- 
out the world. 


RESEARCH 


Examples of current projects in 
Varian's research and engineering 
laboratories include proton and 
rubidium vapor miniaturized 
magnetometers stressed for mis- 
sile, satellite, and deep-space ap- 
plications and instruments being 
developed for specific military 
applications, such as ASW. Va- 
rian’s practical contributions to 
magnetometry are continuing to 
advance the state of the art. 


VARIAN associates 


PALO ALTO33, CALIFORNIA 
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now your tape playback equipment 
can process data from 
paper records and well logs 


you can often get a more accurate subsurface picture, and thus 
reduce the likelihood of expensive errors, by transcribing these 
data onto magnetic tape for processing on a data-reduction System 


Tape Drums 


Control P 


Panel 


j C TRANSCORDER 


The Transcorder, EIC’s new 
data-transcribing device, 
transcribes seismic data onto 
any standard geophysical 
tape from paper records, 
from other sizes of mag- 
netic tape, or, using the 
Transcorder Log Reader, 
from well logs. A reproduc- 
tion of a seismic trace being 
transcribed can be produced 
simultaneously for checking 
purposes. 


Magnetic tapes produced by 
the Transcorder can be 
processed by playback sys- 
tems that permit mixing, 
selective filtering, correcting 
for moveout, weathering, 


Seismic 
Record 


and elevation, and plotting 
cross sections by the con- 
ventional trace, variable- 
area, or variable-density 
methods. 


The paper record being 
transcribed onto tape is 
mounted on a large revolv- 
ing drum. The magnetic 
tape is mounted on another 
drum that is servo-driven at 
an infinitely variable rate. 
The Transcorder will ac- 
curately transcribe paper 
records recorded at speeds 
ranging from 7.5 to 15 
ips. The magnetic record- 
ings produced are accurate 
within +1% ms of the 


Write or wire EIC for detailed specifications 


Record 
Drum 


TRANSCORDER 
LOG READER 


original record at all times. 


The Transcorder operator 
guides the tracking head as 
the record-carrying drum 
revolves. (Unskilled office 
personnel can operate the 
Transcorder.) The traces 
are individually transcribed 
to magnetic tape. 

The Transcorder Log 
Reader, an accessory, per- 
mits transcribing well log- 
ging data onto magnetic tape 
in the same manner as con- 
ventional seismograms. The 
resulting tapes can be then 
converted to cross sections 
by seismic data reduction 
systems. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 


Subsidiary of Reed Roller Bit Company 
1841 Old Spanish Trail « 
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. .. you'll get an accurate picture of 
oil-producing possibilities. Tidelands’ bis 
experienced crews and modern equip- + 
ment assure positive results and high 3 
production. 


A Complete Geophysical Service 


; A 
BSS 
9233 WESTHEIMER ROAD 27, TEXAS | 
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Although it weighs only 157 
lb, the PSS-50 is a com- 
plete seismic system, consist- 
ing of two 12-channel 
seismic amplifiers, a tape- 
transport unit, a translator 
unit, and a master control 
unit. 

The system’s low cost and 
weight were gained by de- 
signing it to utilize fully the 
capabilities of magnetic tape 
and by including only need- 
ed filtering and display capa- 
bilities. The result is a truly 
portable system that per- 
forms superbly. 

The seismic amplifiers have 
a flat frequency response 
from 8 to 250 cps. Filtering 
is provided by a separate 
plug-in unit. Filtering avail- 
able includes 12 to 24 db 
per octave slopes, with 20, 
30, and 40 cps cutoff points. 


reduce field recording costs with 
this 157-lb portable seismic system 


this complete 24-channel seismic system produces high-quality 
tape-recorded data, keeps your operating costs and 
field-equipment investment low 


Cutoff frequencies can easily 
be changed by plug-in 
capacitance boards. 

A master control unit pro- 
vides uphole level control, 
leakage and continuity test- 
ing, trip indicator and man- 
ual control, trip sensitivity 
control, master suppression 
control, ave on-off control, 
and a test oscillator. Timing 
accuracy is +1 ms. 


The tape transport unit has 
a full 28-channel magnetic 
recorder, featuring standard 
EIC door - mounted record- 
ing heads. Heads can be 
interchanged without disas- 
sembling the tape transport. 
Recording heads have excel- 
lent low-frequency and 
transient response. The ac- 
curate, reliable drive system 
uses a hysteresis synchro- 
nous motor and a spur-gear 
transmission. 


Write or wire EIC for detailed specifications 


961 


The translator unit has a 
playback amplifier with ad- 
ditional ave and _ filtering 
control. Traces are displayed 
on electrosensitive paper by 
a rectilinear pen writer. 
Each data channel is played 
out sequentially and auto- 
matically. ‘i1iming is provid- 
ed by preprinted timing 
lines, with the 100 cps tim- 
ing trace from the tape 
played out as a check. Two 
paper speeds are available, 
one for a full-length record, 
the other for expanding the 
first third of the record (cov- 
ering the first-break region) 
over the full paper length. 
Accuracy from trace to 
trace is +1 ms. 


Power required for the PSS- 
50 is 12 v at 8 a during 
standby and 18 a while 
recording. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 
Subsidiary of Reed Roller Bit Company 
1841 Old Spanish Trail «+ Houston 25, Texas 
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ABEM 


carries out 


GEOPHYSICAL INVESTIGATIONS 


FROM THE AIR 


for 


ORE PROSPECTING 
OIL EXPLORATION 


AND 


CIVIL ENGINEERING 


ABEM 


== GEOPHYSICAL INSTRUMENTS 


for 


UNDER WATER 


e@ Airborne EM and Magnetic Surveys 


e Ground EM, Magnetic, Electric, Seismic, and 
Gravimetric Surveys 


e@ Underwater Seismic Surveys 
IN MINES AND e Underground Magnetic Surveys 
BOREHOLES 


For further details about these geophysical services and 
instruments write to 


THE ABEM COMPANY 


DANDERYDSGATAN 11, STOCKHOLM, SWEDEN, 


or contact your nearest ABEM agent 


U.S.A. ENGLAND CANADA FRANCE SOUTH AFRICA AUSTRALIA 
Geophysical Craelius Company | Moreau Woodard S.A. Craelius, 92 | Norse Industries J.J. Masur & Co. 
Instrument and Limited, 11 Clarges | & Co., Ltd., 1880 Av. des Champs- | (Pty.), Ltd., 221 Pty. Ltd., John 
Suppiy Co.. 1616 Street, London, O'Connor Drive, Elysées, Paris 8e. | Cullinan Buildings, | Street, P.O. Box 48, | 
Broadway, Denver 2, é ' Toronto 16, Simmonds Street, South Melbourne, 
Colorado. Ontario. P.O. Box 9549, S.C.5. 

Johannesburg. 


Please mention GropHysics when answering advertisers 


| 
| 
| 


3 
4 
Sigg 
— 
i 
ON THE GROUND 
aa = 
4 
= 
i 
| 
| 
| 
| 
j i 


GEOPHYSICS, FEBRUARY, 1961 


this versatile playback system simplifies 
your toughest data analysis problems 


using EIC’s central office seismic data reduction system, you can 
easily apply precise corrections to field-recorded tapes, use 
mixing, compositing, or stacking, select the most effective pre- 


sentation modes 


When you own the C-850, 
you have the most flexible 
single system available for 
sequential playback of mag- 
netic tapes. It lets you make 
maximum static corrections 
of +100 ms and dynamic 
corrections up to 400 ms (at 
a maximum rate of 500 ms 
per sec). Timing accuracy 
is +1 ms. Any geophone 
spread length or arrange- 
ment can be handled. 

During playback, time- 
corrected seismic data are 
plotted simultaneously to 
photographic cross sections. 
You can choose convention- 
al - trace, variable - area, or 
variable - density cross sec- 
tions, or any two of these 


eee 


Plotting and Re-record Assembly 


Programming Assembly 


three. Seismic data can be 
referenced to any desired 
datum plane on the cross- 
section plots. As many as 
864 traces can be recorded 
on a single cross section, 
which may be as large as 
72 x 72 in. 

Corrected data are re- 
recorded during playback 
for future evaluation. As 
many as 12 channels of re- 
recorded tape can be played 
back for mixing, composit- 
ing, or stacking to cross- 
section plots. 

The C-850 can be supplied 
with any standard-size tape 
transport. It handles up to 
50 seismic and information 
channels at tape speeds of 


Write or wire EIC for detailed specifications 


7.5, 3.75, or 3.6 ips. It can 
reproduce direct, FM, or 
PWM recordings. Re- 
recording is by FM. Cross- 
section plotting speed is 
from 7.5 to 10 ips. 

Distortion on FM _ is _ less 
than 1%, on direct magnetic 
recording, less than 2.5%. 
Frequency response is from 
5 to 500 eps. Signal-to-noise 
ratio is 52 db (rms-rms) on 
direct recording, 46 db 
(rms-rms) on FM. 


Such standard EIC design 
features as door-mounted re- 
cording heads and 400-cps 
hysteresis synchronous mo- 
tors make the C-850 reli- 
able, easy to maintain, and 
relatively inexpensive. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 
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always depend on Schlumberger research and 
engineering to provide the best in combination services — 


GEOPHYSICS, FEBRUARY, 1961 45 


here’s a low-cost, rugged field office : 
playback system that really takes abuse 


you get simple, precision operation with minimum maintenance 
costs when you buy EIC’s durable, highly accurate field office 
seismic data reduction system. and it’s priced lowest in its field! 


The PB-50/60 sequential 
playback system was engi- 
neered and built to give re- 
liable service under adverse 
field conditions. Its single- 
console construction makes 
it easy to move from one 
location to another, and its 
rugged, simple construction 
makes it easy to maintain. 
Despite its low cost, the PB- 
50/60 gives you great flexi- 
bility of operation and +1 
ms accuracy, 


PB 50/60 


Keyboard Input Unit 


Normal moveout corrections 
up to 240 ms are available 
at a maximum rate of 50C 
ms per sec. Maximum 
weathering and_ elevations 
corrections of +100 ms can 
be applied. All corrections 
are inserted easily and rapid- 
ly by a keyboard input unit. 


Timing lines on cross sec- 
tions are recorded directly 
from field timing signals, 
giving you accurate trace 
plots that are in true relation 


Write or wire EIC for detailed specifications 


to each other and to record 
time. Seismic information 
can be accurately referenced 
to any desired datum plane. 
Either conventional-trace or 
variable - density cross sec- 
tions are plotted photo- 
graphically on 24 x 72-in. 
tape or film. This system can 
be supplied with any stand- 
ard-size tape transport. 


Modifications of the basic 
PB-50/60 can be supplied to 
meet specific requirements. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 


Subsidiary of Reed Roller Bit Company 
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The DR-50 magnetic re- 
cording systems produced by 
EIC record up to 50 seismic 
and information channels. 
Record - reproduce heads 
have excellent low-frequency 
and transient response. They 
are mounted on the access 
door so that they can be 
inspected, adjusted, or re- 
placed without disturbing 
the tape transport. 

The neatly packaged plug-in 
amplifiers used as dual-pur- 


fidelity, timing accuracy mark this 
direct recording magnetic tape system 


this direct recording magnetic tape system updates seismic systems to provide 
high-quality tape-recorded data for analysis in seismic data reduction systems 


pose record and reproduce 
units provide proper play- 
back compensation down to 
5 cps. 


The DR-50 features timing 
accuracy of +1 ms, with 
trace - to - trace accuracy of 
+0.5 ms. Frequency re- 
sponse is from 10 to 500 
cps. Signal-to-noise ratio is 
52 db (rms). Total har- 
monic distortion is 2.5%. 
The DR-50 is driven by 
EIC’s reliable 400-cycle syn- 


chronous motor. 

The DR-SO is available 
either with or without a buf- 
fer unit. The buffer is used 
when the seismic amplifier 
cannot drive the recording 
heads directly or when a 
superior signal-to-noise ratio 
is needed for field playback. 
EIC engineers are experi- 
enced at integrating systems 
with existing amplifiers and 
can provide turnkey installa- 
tion of DR-50 systems. 


you get dependable field performance from 
this rugged recording oscillograph 


The RO-1I recording oscillograph photographically records up to 
28 seismic data traces on 6-in. paper or film. A 400 cps hysteresis 
synchronous motor provides uniform paper speeds from 3 to 45 ips. 
Speeds are selected by interchanging easily replaceable drive gears. 
Precise time correlation is insured by sharply defined timing lines. 
The RO-! has 28 pencil-type galvanometers that are available in 
natural frequencies from 125 to 500 cps. Both galvanometers and 
front-surfaced mirrors can be adjusted readily in the field. Because 
the RO-1 produces very little noise in the battery circuit, a single 

“| battery can power both the camera and the seismic ampli- 
fier. This simplifies battery-charging problems and makes 
the RO-I especially suitable for truck mounting. 


RO-1 


d 
Ic | 
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shot detonation to the initial 
seismic wave received by an 
uphole geophone. Accuracy 
is +0.5 ms. A maximum 
time interval of 255.75 ms 
can be recorded. 


The GT-1 is completely 


EIC’s geophysical in- 
terval timer is a precision 
digital readout instrument 
that simplifies uphole shoot- 
ing operations. It provides 
an immediate visual display 
of the time interval from 


now you see results of filtering, 
stacking, mixing without 


waiting for cross sections 
The MSS-100, a remarkable new multitrace electrostatic stor- 
age system developed by EIC, lets you store up to 28 seismic 
data traces for visual readout on a 17-inch, TV-type, video 
monitor. This advance in the art of handling seismic data can 
help you cut the cost of analyzing geophysical data. 


The MSS-100 stores data from tape-recorded seismic traces in 
a special storage tube and displays them continuously on the 
monitoring tube. Traces can be displayed for as long as 20 
minutes without appreciable deterioration. They can be erased 
instantly to permit storing new data. 


Vertical timing lines can be displayed on the video 
monitor at 1/100-second intervals, with 1/10-second , 
lines accentuated. Either the 1/100- or 1/10-second 
lines can be omitted if desired. 


1841 OLD SPANISH TRAIL « 


cut uphole shooting time and costs 
with this precision interval timer 


you can obtain weathering and subweathering velocities accurately and 
efficiently with this interval timer, without using costly seismic recording systems 


HOUSTON 


transistorized. It is powered 
by self - contained dry - cell 
batteries. The unit’s total 
weight, including batteries, 
is only 17 lb. Its alumi- 
num carrying case is 16 x 9 
x 7% in. 


MSS-100 


25, TEXAS 
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but you can’t make 
a geophysicist 
out of a monkey! 


It doesn’t take a monkey to tell you that you get only what you pay for — 
in the geophysics field as in others. 

One of our camp followers, Fidel by name, puts on a pretty good act 
among the record sections, slide rules, and delicate electronic equipment and 
looks sort of professional behind a desk. 

Fidel might be taught to perform some fundamental chores with only an 
occasional banana break, but if any oilfields were discovered through his antics, 
they would be strictly accidental — and you can’t afford to gamble on accidents. 

The moral is this: Leave your geophysics to the proved professionals. 

Rogers’ crews, for example, go everywhere, have been practically 
everywhere. This kind of experience means you get the most for your money. 
And really, you cannot get a better price than that. 


OGERS 
3616 WEST ALABAMA + HOUSTON, TEXAS 


Caracas, Venezuela 
Mogadiscio « Somalia 
FOREIGN OFFICES . 34 Ave. des Champs Elysees e« Paris, France 
1-3 Arlington St., St. James's « London 1, England 
Madrid, Spain 
Tripoli, Libya e Algiers « Tunis, Tunisia 


ROGER S' CREWS G Oo EVERY WHERE 
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UNSCRAMBLING seismic data is the foremost reason for 
any seismic facility. In accomplishing this,recording accuracy, 
ease of programming, playback speed, and dependability 
are paramount. It is equally important that the system be 
versatile and easily adaptable to any of the multitude 


of data handling methods in popular use throughout the indus- 


try today. Data systems by Electro-Tech lead the field. 


Write or call for details today on our portable direct recording 


unit, and our pulse width and FM systems. 


ELECTRO-TECHNICAL LABS. 


% MANDREL INDUSTRIES, INC. 
5134 Glenmont Houston 36, Texas 
Cable Address: ELECTROTEX 
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ENTURY serves the world 


Century Geophysical Corporation, with its 44 geophysical units presently spread across the globe, is backed and 
strengthened by the research and development laboratories and the manufacturing facilities of Century Elec- 
tronics & Instruments, Inc. These two affiliates are working partners in providing many industries with technical 
services and electronic instrumentation and equipment. 


Seismic and gravity meter crew operations, review geophysical interpretations, velocity surveys, data center 
processing, uranium exploration logging and radiometric analysis are some of the general areas where Century 
has gained a large backlog of experience and wide acceptance. 


Century's facilities are available to assist you in gathering, pro- 
cessing and evaluating scientific data anywhere in the world. 


Contury Geophysical Corporation Contury Electronics & Instruments, Inc. 


TWX TU-1407 TULSA, OKLAHOMA 
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based on twenty-nine years of experience 


Tomorrow's needs for better methods of acquiring and 
interpreting seismic data... in terms of geologic 
structure .. . are being used today at 


SEISMIC EXPLORATIONS, INCORPORATED 
P. O. BOX 13057 HOUSTON, TEXAS 
Midland Shreveport Denver 


FOREIGN AFFILIATE 
COMPAGNIE REYNOLDS de GEOPHYSIQUE 
18 PLACE DE LA MADELEINE, PARIS, FRANCE 
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LaCoste & Rom berg 
UNDERWATER 


GRAVITY METER 


WITH EFFECTIVE SEISMIC COMPENSATION 


v 


COMPLETELY ENCLOSED, SELF LEVELING 


provides accurate 
gravity readings 
even in rough 
water and on 


The exclusive seismic compensation on the LaCoste & Romberg Underwater 
Gravity Meter is added assurance of the ultimate in accuracy in offshore 
gravity surveys. To compensate for seismic motion of the ocean bottom, a 
servo-operated elevator* automatically raises and lowers the meter. With : 
this seismic compensation, the accuracy of the LaCoste & Romberg Under- *) 
water Meter is within 0.02 mgl under good conditions and is better than 
0.1 mgl under such adverse conditions as rough weather and soft bottoms. 
Drift is within 1 mgl per month. 


You will find, too, that LaCoste & Romberg Gravity Meters—either 
underwater or land—are exceptionally rugged and dependable. Experi- 
ence since 1946 with underwater meters has enabled LaCoste & Romberg 
to build gravity meters that meet the practical requirements of commercial 


offshore exploration work. *PATENT NOS. 2,589,709 AND 2,589,710 


For detailed information about LaCoste & Romberg Gravity Meters, Write— 


LaCoste & Romberg eé 6606 North Lamar @ AUSTIN, TEXAS 
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All wire manufactured to our 
specifications and pre-tested 


before insulating. _ 

Wire is converted into flexible 
: signed high- speed stranders. 
Through our. 
processing, primary 
coatings are applied and tested 
in our laborato 


Fillers and tape applied on spe- 


conductors by our specially de-- 


nique extrusion 
insulation 


cial machines by trained tech- 


nicians. 

All rubber and neoprene mate- 
rials are Compounded in our 
modern up-to-date laboratory. 
Vector manufactures a com- 


plete line of take-outs, géo- 


phone fittings and water-proof 
plugs. We repair and re-assem- 
ble all systems including the 
posting of 


Almost all cable is composed of the same basic raw mate- 
rials but only with Vector Cables do you get complete 
quality control throughout. Only Vector’s modern up-to-date 
plant is capable of converting the raw materials into the 
precision cable systems including the various take-outs that 
are demanded for today’s sensitive explorational equip- 
ment. Regardless of what your seismic cable needs may 
_ be, you can be sure of getting the finest when you specify 
Vector Cables. Write for our FREE catalog today. 
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SUPERIOR SEISMIC PRODUCTS 
... BY DU PONT 


THERE’S A DUPONT SEISMIC PAPER AND FILM FOR EVERY JOB: 


1. SEISMO-WRIT PHOTORECORDING PAPER. Fast, high-density traces, 
easy to handle — available in standard sizes and in either Type B 
(standard weight) or Type W (all-rag, extra-thin). Seismo-Writ comes in 
strong, durable metal containers. All rolls are wrapped in waterproof 
foil bags for safe storage before you use it...and for protecting your 
traces after the shot is made. We even supply you with an address 
label for casy mailing from the field. 


2. CRONAR* RECORDING FILM. Relative speed (tungsten): 30. 
3. LINO-FLEX 1. Relative speed (tungsten): 10. 


Both of these films are on Du Pont’s tried and proven CRONAR polyester 
photographic film base, which offers unexcelled strength, exceptional 
dimensional stability and flexibility, rapid drying. 


For more information on our seismic papers, films and chemicals, write: 
E. |. du Pont de Nemours & Co. (Inc.), Photo Products Department, 
Wilmington 98, Delaware. In Canada: Du Pont of Canada, Ltd., Toronto. 


* Du Pont’s trademark for its polyester photographic films. 


BETTER THINGS FOR BETTER LIVING... THROUGH CHEMISTRY 
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REASON: General's skilled crews PLUS unmatched 
laboratory support 
General's field crews are fully trained and experienced. Work in almost 


every important oil zone in the world has given us the specialized knowledge 
needed for accurate mapping of new or old areas. General's crews are 


equipped with precision-performance instruments that are often unique in 
their ability to withstand heavy duty and still give sensitive and accurate 
recordings. 


This combination of seasoned crews and outstanding equipment and 
instruments is your best assurance of success. Find out for yourself the 
reasons behind General's reputation for outstanding field work. Call General 


today 
S Paris, France 


GEOPHYSICAL COMPANY Edmonton, Alberta 
Houston Club Building ¢ Houston, Texas Nassau, Bahamas 


Tripoli, Libya 
When your contract is with General, the percentage for successful exploration is in your favor! 
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GEOPHYSICAL 
SPECIALISTS 


GEOPROSCO LTD - 20 ALBERT EMBANKMENT + LONDON - S.E.1| - ENGLAND 
PARIS MALTA MADRID LISBON CASABLANCA TRIPOLI (LIBYA) 
CALGARY -» TORONTO © RIO de JANEIRO 


4 MEMBER OF THE CEMENTATION GROUP OF COMPANIES 
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GRAND 
JUNCTION, 
COLORADO 


ODESSA, 
TEXAS 


DALLAS, TEXAS 


Our Tew Odessa 


@ Located in all active oil areas, Mayhew 
assures you of continuous operation with 
a complete line of supplies and replace- 
ment parts. So wherever you are located 
contact your convenient Mayhew Supply 
Store... You get the most with a Mayhew! 


CASPER, 
WYOMING 


MAYHEW SUPPLY CO., INC. 


4700 SCYENE ROAD ¢ DALLAS, TEXAS 


HOME OFFICE 


SALES AND SERVICE CASPER, WYOMING e TULSA, OKLAHOMA e SIDNEY, MON- 


TANA e LUBBOCK, TEXAS e GRAND JUNCTION, COLORADO 4 
JACKSON, MISS. @ HOUSTON, TEXAS 


SEISMIC SERVICE SUPPLY, LTD., CALGARY AND EDMONTON, : 
ALBERTA 


CANADA 


EXPORT GARDNER-DENVER INTERNATIONAL DIV. NEW YORK, N.Y. 
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travaille trabaja / eshteghel 


ici aqui ehna 


vide accurate subsurface surveys. Each subsurface point 
is verified by multiple ray paths, with only the reflection 
point common to all. Results: greatly reduced noise and 
maximum record clarity. 


Wherever geophysical research may be needed, the 
Petty patented* horizontal stacking technique will pro- ony 


GEOPHYSICAL 
ENGINEERING Co. 


TRANSIT TOWER, SAN ANTONIO CApitol 6-1393 
*U.S. Patent No. 2,732,906 
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THE CYANAMID 
SEISMOGRAPH LINE’: 


Dynamites 
Hi-Speed 
Geoge!” 
Ajax® 

Blasting Agents 
Cyamon® OS 
Cyamon® 

Cyamon® § Primer 


40% Pattern Powder 


DISTRIBUTOR SALES 
OFFICES AND MAGAZINES: 


Dixie Dynamite Distributors, Inc. 
Jackson, Mississippi 
Lafayette, Louisiana 

Hattiesburg, Mississippi 
Houma, Louisiana 


Southwestern Pipe, Inc. 
Alice, Texas 
Brookhaven, Mississippi 
Houma, Louisiana 
Lafayette, Louisiana 
Lake Charles, Louisiana 
Shreveport, Louisiana 


Beeville H. & T. Sales Company 
Beeville, Texas 
Southwestern Explosives 
and Supply, Inc. 
Midland, Texas 


Deupree Distributing Company 
Oklahoma City, Oklahoma 
Tulsa, Oklahoma 
Albuquerque, New Mexico 


Milne Explosives Company 
Great Bend, Kansas 


Ashton Supply Company 
Vernal, Utah 


Carbon Transfer & Supply Co. 
Helper, Utah 


W. H. Burt Explosives Company 
Aztec, New Mexico 
Farmington, New Mexico 
Moab, Utah 
Wycoff Company, Inc. 

Salt Lake City, Utah 


Archie L. Bowman 
Denver (Littleton), Colorado 


Ted Andrus Explosives Co. 
Billings, Montana 
Sidney, Montana 
Casper, Wyoming 

Rock Springs, Wyoming 


Fowler Engineering & Sales Co. 
Ashland, Oregon 
Burns, Oregon 
Eugene, Oregon 
John Day, Oregon 
Medford, Oregon 


.. for safe, dependable 
seismic exploration! 


=I) 


Offshore prospecting ? 


OS! 


This nitro-carbo-nitrate blasting agent was specifically 
developed for use in seismic exploration off-shore. It 
complies with all U. S. Coast Guard regulations govern- 
ing explosives use at sea, is not cap sensitive and re- 
quires a booster for detonation. 

Cyamon O S is packaged in metal containers in these 
sizes: 445” x 10 lbs., 415” x 16%; Ibs., 513” x 25 Ibs., 8” x 40 
Ibs., 8” x 50 Ibs. 


Cyanamid offers the industry a complete line of seismo- 
graph explosives and blasting agents. All are stocked 
for prompt delivery by leading distributors. 


For complete information and recommended uses, con- 
tact our Sales Department or the distributor nearest you. 


AMERICAN CYANAMID COMPANY 


EXPLOSIVES AND MINING CHEMICALS DEPARTMENT 
30 ROCKEFELLER PLAZA, NEW YORK 20. N.Y. 
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Take a NEW READING ON GRAVITY as an 
Effective, Economical Exploration Method 


If you have not used Gravity, or if your use 
has been limited in recent years, it will pay 
you to reappraise the benefits of this fast, 
low cost exploration method. Instrumenta- 
tion, operational techniques, and interpreta- 
tion have been greatly improved enabling 
many operators to provide specific and de- 
tailed geologic information. Originally, the 
Gravity Method was thought of primarily 
as a means of determining salt dome config- 
urations. Now, stratigraphic and structural 
information can be obtained such as: the 
areal extent and configuration of sedimen- 
tary basins; the maximum thickness and 
variation in thickness of basin sediments; 
regional structures within the basins; local 
and regional fault systems, including horsts 
and grabens, within the section; and local 
and regional thrust faults. 


To obtain the best results, use t’.e world’s 
most proved gravity instrumentation ... 
There’s a WORDEN Meter 
for Every Land Application 


The MASTER and PROSPECTOR model 
WORDEN Gravity Meters provide the most 


demanding operating specifications ever 
achieved in portable meters. They retain the 
true portability and flexibility of the quartz 
element design plus the exclusive “Universal 
Compensation” feature which extends the 
temperature compensated range up to 6600 
mgls. (world coverage). The MASTER is 
distinguished from the PROSPECTOR by a 
low power Temperature Stabilizer, which 
maintains ,a nearly constant internal tem- 
perature in spite of extreme outside thermal 
shocks. Both meters are available in Stand- 
ard and Geodetic models. 


The PIONEER is ideally suited for gravity 
programs in areas of limited latitude and 
temperature variations and where the need 
for less frequent base ties exists. Also avail- 
able in Geodetic model. 


The EDUCATOR gravity meter is intended 
to meet the needs of educational or training 
programs where the required tolerances are 
much wider than for commercial programs. 


Specifications for the respective WORDEN Gravity 
Meters are shown at right... contact Tl’s Gravity 
Department for additional information. 
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When requesting a quotation, copy the 
specification categories in this column 
and specify the values desired from 
those found under the respective 
meters. 


Minimum Recommended Operating 
Ran git to nearest 100 mgis. 
plus latitude and elevation indicatron 


3000 mgls. 2400 mgls. 


3000 mgls. 


Limited . . . Will be 
at least 1600 mgls. 


Minimum Total Operatin (Reset) 
—Specify to nearest 1 


5200 mgls. 4000 mgls. 


5200 megls. 


Limited . . . Will be 
at least 2000 mgls. 


Small Dial Range 


(2200 on Special Order) | (2200 on Special Order) 


800 Dial Divisions x 


800 Dial Divisions x 
Small Dial Constant 


Small Dial Constant 800 Dial Divisions x 


Small Dial Constant 


800 Dial Divisions x 
Small Dial Constant 


Small Dial Constant—Specify constant 
desired* 


Standard .08 to .11 
mgl./Dial Division (From 
0.05-1.00 also available) 


Standard .08 to .11 — 08 to 11 
megl./Dial Division (From ./Dial Division (From 
0.05-1.00 also available) 5-1.00 also available) 


0.10-1.00 mgl./ 
Dial Division 


Small Dial Calibration Linearity over 
full range 


1 part in 1000 1 part in 1000 1 part in 1000 


1 part in 1000 


Small Dial Reading Accuracy 


0.1 of Small Dial 0.1 of Small Dial 0.1 of Small Dial 
Division Division Division 


0.1 of Small Dial 
Division 


External Tempera*ure Control 


Temp. Stabilizer re- 
quires 1.00 watts 
power for a 100° F. 
differential. Four 

chargeable “D" Size 
Batteries maintain 90° 
F. differential for 10 
hours and are mounted 
in removable pack on 
side of meter. Any 4.5 
to 12 volt DC source 
may be substituted. 


Small Dial Mechanism 


Self counting, read from top and directly coupled 
(no gears for backlash) with screw which contacts 
quartz measuring spring. 


Side and top reading, directly coupled (no gears 
for backlash) with screw which contacts quartz 
measuring spring. 


Large Dial Range — Specify range 
desired* 


800 Dial Divisions x Large Dial Constant 


'Geodetics not available 


Large Dial Constant 


Standard 6.5 to 12.0 mgls./D.D. 


Geodetics not available 


Large Dial Calibration over full range 
{8 turns) 


Curve furnished with values accurate to one part 
in 1000—measured over full range (8 turns). 


Geodetics not available 


Size, Inches: 
Diameter 
Height 


14” 14" 


Weight, Pounds: | 
Net 


e 
including carrying case 


Ibs. Ibs. 
8 Ibs. 15% Ibs. 


5% Ibs, 
12 Ibs. 


*Price of meter is determined pasts by the 
Ranges and Dial Constant Specifi 
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ging tool will replace truck-mounted 
equipment ordinarily required for the 
logging process. 

Completely transistorized, it carries its 
own batteries and is independent of out 
side power sources. 

The new unit is capable of operating to 
a depth of 15,000 feet and will withstand 
temperatures in excess of 300 degrees. 

Further information on the Electro- 
Technical Labs logging device is available 
by writing to the company, at 5134 Glen- 
mont, Houston, Texas. 


ENGINE GENERATORS 

New BALANCED Power Winco Engine 
Generators have just been announced by 
Wincharger Corporation, subsidiary of 
Zenith Radio Corporation, Sioux City 2, 


Iowa. Powered by a Wisconsin VH4D air- 
cooled gasoline engine, these new Wincos 
are rated at 12,000 watts A.C., and are 
equipped for remote starting. They are 
capable of producing ample power and 
energy for a wide variety of standby and 
portable power needs for industry, insti- 
tutions, homes, farms and ranches, and for 
mobile power. 

According to Mr. Lyman Phillips, Sales 
Manager, “these new BALANCED Power 
Winco engine generators permit the en- 
gine to operate at an OPTIMUM SPEED 
for HIGH PERFORMANCE and LONG 
LIFE; the 115/230 volt 60 cycle generator 
at MAXIMUM POWER SPEED.” 

This new Winco series also features the 
exclusive MAXI-WATT Power Control 
which gives MAXIMUM POWER for 
unusually heavy motor loads, MAXIMUM 
EFFICIENCY for normal loads. Tests 
prove that this 12,000 watt BALANCED 
Power Winco Engine Generator will carry 
such loads as a 5 H.P. motor, plus 6000 
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watts of simultaneous resistive load. The 
BALANCED Power series is available in a 
wide selection of models to meet individ- 
ual electrical requirements. For full de- 
tails write or call Wincharger Corporation, 
East 7th & Division Streets, Sioux City, 
Iowa. 
AUTOMATIC SWEEP DRIVE 


A new sweep drive which automatically 
sweeps oscillators and other tunable de- 


vices through their frequency ranges is 
now available from Hewlett-Packard Com- 
pany. 

The new unit, Model AC-97C, is a par- 
ticularly useful motor accessory for Hew- 
lett-Packard’s Model 302A wave analyzer. 
In this application, it sweeps through the 
entire range of the wave analyzer for auto- 
matic plots of harmonics, spurious  re- 
sponses or intermodulation products with 
an X-Y recorder. It also converts the Model 
302A to a sweep oscillator-tuned voltmeter 
for automatic frequency response measure- 
ments, even in noisy systems. 

Model AC-97C has two sweep speeds and 
a neutral. The fast sweep covers the fre- 
quency spectrum rapidly while the slow 
sweep gives a high resolution plot. In neu- 
tral position you can tune the driven unit 
manually. Sweeps can be reversed auto- 
matically when limits are reached, thereby 
providing a continuous sweep for oscillo- 
scope presentations, or, for convenience in 
X-Y recordings, the sweep can be stopped 
automatically when the limit is reached. 

Sweep speeds can be changed without 
stopping the drive. Stops are quickly and 
easily set for any sweep range from 5 de- 
grees revolution of the output shaft to 50 
revolutions. Model AC-97A furnishes an 
output voltage proportional to shaft posi- 
tion for driving the X-axis of a recorder 
or oscilloscope. 

The new sweep drive may be mounted 
directly on the front panel of the Model 
302A wave analyzer or on a bench stand. 

The Model AC-97C sweep drive is priced 
at $275. Hewlett-Packard Company, 1501 
Page Mill Road, Palo Alto, California. 
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ASKANIA Magnetic Instruments 
for precise determination of magnetic anomalies 


\ 


* Magnetic Field Balance Gf 6. 

‘ After Schmidt, the classic field 

instrument for relative measure- 

- ments of the horizontal or ver- 
} tical intensity 


Torsion Magnetometer Gfz. Out- 
standing among the magnetic 
instruments for relative meas- 
urements of the vertical! inten- 
sity 
~ 
Universal Torsion Magnetometer 
UTM. For relative measurements 
of all three components of the 
“ earth magnetic field 


Magnetograph. The new devel- 
* opment for recording also fast 
_ occurring variations of one com- 
ponent of the earth magnetic 
field (either D-I-H-Z or T) 


ASKANIA-WERKE 
U. S. Branch Office & Service Dept. e 4913 Cordell Ave., Bethesda, Maryland \ 
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WIGGLE FOR WIGGLE 


... trace for trace 
the HS-J consistently 
matches the performance 
of larger and heavier 
single coil geophones. 


What the seismic records cannot show is the economy, efficiency 
and improved field techniques which the HS-J makes possible. 

Why do the job the hard way when this new small geophone opens 
a whole new area of faster, lower cost field operations? 


ECONOMY Remarkably low initial cost, 
lighter less expensive cabling, savings in 
crew man-hours—these are some of the rea- 
sons why more and more of the industry is 
turning to the HS-J. 


PORTABILITY The HS-J’s small size and 
light weight make the use of small hand 
reels and mechanical handling equipment Watch for exciting new automatic vehicu- 
routine procedure, speed up field work and lar handling techniques, now being field 
ease the going in rugged terrain. tested. 
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OUR BUSINESS 
HELP YOU FIND 


The surest least expensive way possible! 


That’s why SSC has gained a world-wide 
reputation for doing the best prospecting job 
possible, every time. 

SSC can offer you experienced crews using 
the finest equipment, for solving your explora- 
tion problems anywhere in the world. SSC has 
specialized in developing equipment designed 
for the particular area. The SSC crews operating 
this equipment are trained and experienced in 
the exploration of the same area. 

Our business is to help you find oil... we're 
ready, now! 


raph Service Corporation 


From stern to bow along the 420-ton, 174-foot TEXIN: 
the electric-powered seismic cable reel; shooter's platform; 
storage racks for charges; starboard firing reel; 

auxiliary cable reel; jet-engine launches; instrument room; 
radar room; and bridge. 


Remote coastal areas . . . far distant from supply ports 
... are the scene of many seismic surveys. These areas 
are best worked with the single-ship method of explora- 
tion. GSI’s new TEXIN, similar to her sister ship the 
SONIC, travels to your prospect under her own power, 
arriving equipped and provisioned for an extensive off- 
shore program. Auxiliary, jet-engine launches project 
data-gathering facilities into water no deeper than 18 
inches ... giving you a complete marine survey... 
from deep water to shoreline. 


Write now for Bulletin S$ 60-1, 
describing both the TEXIN cnd SONIC. 


Geopnysicat Service Inc. 


A TEXAS INSTRUMENTS COMPANY 
900 EXCHANGE BANK BLDG. © DALLAS 35, TEXAS 
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